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Breeding contempt 


By failing to explain why a moratorium on breeding chimpanzees seems not to have been enforced, 
the US National Institutes of Health risks a further loss of public support for chimp research. 


in the United States, with the Institute of Medicine scheduled 

to report next month on whether government funding for the 
work continues to be scientifically justified. So it is, to put it mildly, 
an unfortunate time for questions to be raised about a key research 
centre’s ability and willingness to follow a 16-year-old moratorium 
on chimpanzee breeding. It is also a sensitive time for the National 
Institutes of Health (NIH) in Bethesda, Maryland — the agency that 
funds the research on behalf of the US taxpayer — to be reluctant 
to answer key questions about its enforcement of the moratorium at 
the New Iberia Research Center (NIRC), near Lafayette in Louisiana. 

The centre houses 348 chimps, of which 117 are NIH-owned, and 
receives a steady stream of public funds for their upkeep — around 
US$1 million a year. The NIRC has also received more than $6 million 
since 2002 to supply very young chimps to the NIH’s National Institute 
of Allergy and Infectious Diseases for hepatitis C studies — a project 
that the institute calls “essential” for progress towards a vaccine. 

The moratorium is designed to cap upkeep costs and prevent the 
taxpayer from picking up the bill for a lifetime of care for chimps born 
to publicly owned animals. But as Nature reports this week (see page 
453), the NIRC has been forced to admit to the births of 137 infant 
chimps to NIH-owned animals between 2000 and 2009 — revealed 
by the Humane Society of the United States in Washington DC using 
state and federal laws on freedom of information. 

In defence of the NIRC, its director Thomas Rowell points to a 
clause in the written agreement between the NIH and the NIRC, 
which stipulates that infant chimps born during the funding period 
become the property of the centre, not of the NIH. The taxpayer is 
thus not responsible, he argues, and a valuable biomedical resource 
is maintained. 

Yet surely the provision was written to protect the NIH from financial 
responsibility for infant chimps that are born occasionally and acci- 
dentally — not as the go-ahead for a breeding programme conducted 
with a nod and a wink? After all, the agreement also stipulates that “as 
a condition of this award, a moratorium on breeding activities... will 
remain in effect”. 

The moratorium was introduced by the NIH in 1995 for fiscal 
reasons; it costs at least $300,000 to support a single chimp for its life- 
time. But today the moratorium carries increasing moral weight, as 
public opposition to chimp research has grown and the United States 
has become one of only two nations that supports such work. 

Almost as disturbing as the NIRC’s stance — which seems cavalier 
at best, and openly defiant of the moratorium at worst — is the silence 
with which the NIH has greeted repeated enquiries from Nature and 
others. It is not as if the agency has been caught off-guard; it has 
known that the issue was simmering since the summer of 2010, when 
the Humane Society took evidence of the 137 chimp births to the 
US Senate committee that funds the NIH. In a written report, the 


Risse using chimpanzees is under closer scrutiny than usual 


committee asked the NIH to look into the allegation that the NIRC was 
openly breaching the moratorium. The NIH, responding in writing, 
minimized the findings, saying that only 28 births to NIH-owned 
animals had been recorded at the centre since 1995, and arguing that 
the NIRC “is in compliance with the conditions of the moratorium” 

because it assumed ownership of the animals. 
The agency has since refused to discuss its responses and has 
not answered a petition from the Humane 


“The US public Society that was filed eight months ago 
supports with the Department of Health and Human 
biomedical Services, the NIH’s parent agency, asking 
researchin that the centre’s NIH funding be revoked. 

good faith and The US public, which supports biomedical 


research in good faith and is increasingly 
concerned about the welfare of research ani- 
mals in general, and chimps in particular, deserves better. The NIH 
should fully explain how it enforces the breeding moratorium at the 
NIRC. It should say how it is possible that 137 births in a decade were 
somehow permitted. And it should address publicly how one of its 
institutes can in good conscience pay for and use a steady supply of 
infant chimps born in apparent breach of the moratorium. 

Until officials are fully open with the public and demonstrate 
convincingly that the research centres they help to fund are both 
competent and compliant with the rules — and that, when they are 
not, the proper sanctions will ensue — US chimpanzee research risks 
losing public support entirely, and with good reason. = 


deserves better.” 


The heritage trail 


Egypt and Libya can look to the past to help 
build a more stable future. 


swelled once more with protestors — proof, if any were needed, 

that the Arab Spring will take time to reach full bloom. Uncer- 
tainty is a feature of revolutions, as those who have just sealed their 
own victory in Libya will be well aware. And against such a back- 
ground, the interests of archaeologists in both countries are, naturally, 
low on the list of priorities. 

Yet the rich archaeological heritage of Egypt and Libya could con- 
tribute to their rebuilding. Cultural remains there are so extensive 
that both nations are effectively open-air museums. Egypt's sites offer 
a window onto an ancient civilization that was stable for some 3,000 
years. Libya's multicultural archaeology is unique, with Punic and 


Ts streets of Cairo burned again this week and Tahrir Square 


24 NOVEMBER 2011 | VOL 479 | NATURE | 445 


© 2011 Macmillan Publishers Limited. All rights reserved 


| THIS WEEK | EDITORIALS 


Roman sites to the west, Greek and Egyptian to the east, and Berber to 
the south. And its boundless desert is home to one of the world’s larg- 
est and earliest collections of prehistoric rock art, as well as to clues to 
early Saharan civilizations and human movement between Africa and 
Europe (see Nature http://dx.doi.org/10.1038/news.2011.132; 2011). 

For foreign and local archaeologists unable to return safely to work 
on such sites, the present instability is a source of extreme frustration. 
Yet they seem reticent to start pressing for archaeology and cultural 
heritage to be given attention. The revolutions in both countries mark 
a chance for a radical change of past structures and practices. Revital- 
izing archaeology in Egypt and Libya will not happen immediately, but 
it is not too soon to start planning. When the security situation allows 
foreign researchers to return to Egypt and Libya, funding agencies must 
be ready to boost collaborations between them and their colleagues in 
the host nations. 

In Egypt, as the News Feature on page 464 shows, the picture for 
researchers was volatile even before the recent upsurge in violence. 
The challenge now is to get moving again what was a reasonably well 
functioning national archaeological service. The tourists will not be 
back in numbers for years to come, depriving Egypt’s archaeology of 
precious funds. But given the nation’s solid archaeology base, there are 
few reasons to be pessimistic about its long-term prospects. 

By contrast, Libya’s infrastructure is nowhere near commensurate 
with the size and diversity of its cultural heritage (see Nature http:// 
dx.doi.org/10.1038/nature.2011.9396; 2011). Libyan researchers hope 
that the revolution will bring about a sea change after Gaddafi’ 42-year 
regime, which viewed archaeology as a vestige of colonialism. 


To garner public and political support, education on the significance 
of Libya's heritage is needed at all levels, from schools, to stakeholders 
living and working near sites, to politicians and business people. Plans 
must be drafted to reform and develop the country’s archaeology, and 
to train abroad a corps of young archaeologists in modern techniques. 

Until then, foreign researchers’ input will be essential. They can 
also play a key part in helping to counter the immediate threat to 
Libya's heritage posed by the likely reconstruction boom in housing, 

infrastructure and the oil industry. Libya 


“Revitalizing urgently needs to be surveyed to map all of 
archaeology will _ its heritage sites accurately, catalogue their 
take time, but it contents in databases, and then protect the 
isnottoosoonto — densest concentrations with national parks. 


start planning.” — Its archaeological services have none of this 
— when NATO asked for GPS coordinates 
for the most important sites, to avoid them in airstrikes, no list existed 
and researchers worldwide scrambled to assemble a rough guide. 

Libya's revolution marks a diplomatic success for NATO, and for 
France, the United Kingdom and the United States in particular. If 
researchers put forward sensible proposals for cultural management, 
they may get more political support from those international politi- 
cians who helped topple Gaddafi than they think. Oil firms operating 
in Libya should also fund projects and help to preserve sites, as some 
already are by sharing their maps. 

The new leaders in Libya and Egypt inherit nations in flux and need to 
establish shared goals with their people. A sense of pride in developing 
and protecting cultural heritage may be one small step towards that. m 


Seeing red 


Latest mission to Mars promises close-up 
view of planet’s surface. 


the pink sparkle in the sky. Only in the seventeenth century did 

telescopes pointed at the planet reveal an orb, capped in white at 
the poles, with a mysterious dark splotch around its middle. Centuries 
on still, it took a barrage of spacecraft at the dawn of the space age to 
prise its secrets open: ice caps that contained not just water but frozen 
carbon dioxide, and Syrtis Major, a dark field of lava squeezed out by 
long-dead volcanoes, which seemed to be regularly scoured by wind. 
More recent orbiters, reaching their peak with the spy-camera resolu- 
tion of the Mars Reconnaissance Orbiter, have caught Mars in action 
today — red-handed, if you like. Streaks on crater walls that come and 
go with the seasons are probably the signature of near-surface water. 
And little flashes of colour appear as if from nowhere as tiny asteroids 
penetrate and expose the blue ice below. 

Mike Malin, a scientist and businessman in San Diego, California, 
has been a constant witness to this steady march of knowledge. Indeed, 
as the News Feature on page 460 makes clear, he made much of it hap- 
pen, having had a hand in building the cameras on every NASA Mars 
orbiter that followed the 1975 Viking missions. But his cameras have 
not seen the surface before. Now finally, with the launch of the Mars 
Science Laboratory, or Curiosity, scheduled for as early as 25 Novem- 
ber, Malin’s cameras will, he hopes, at last view Mars in close-up. One 
of his camera systems sits at the end of the new rover’s robotic arm, a 
microscopic imager with the power to see, for the first time, tiny grains 
of silt thought to exist on Mars — particles that would bear the history 
of billions of years of erosion from wind and water. 

This is one benefit of a coordinated and sequenced NASA Mars 
programme. But at what cost? Getting to Mars has never been cheap. 
Just ask Russia, which spent US$163 million to launch on 8 November 


f or generations, people gazing up at Mars could only mythologize 
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an attempt to retrieve a few cups of soil from one of Mars’s moons. 
Now the stricken spacecraft is stuck in Earth orbit, laden with fuel: 
cheap as failed Mars missions go, but dearly expensive for a fire- 
work. NASA’ Curiosity, at $2.5 billion, is at the luxury end of the 
spectrum. Part of this staggering cost is because of the checks and 
further checks that NASA hopes will guarantee the mission's success. 
But it also reflects the sophistication of the science payload, which 
will investigate whether ancient watery environments may have been 
suitable for life. 

Still, NASA has largely danced around the question of whether it 
will pursue Martian life itself. Last week, before the US Congress, Mars 
exploration advocates were explaining their next steps — a joint plan 
with the European Space Agency — and how this question would 
finally be addressed. A planned orbiter in 2016 would sniff for trace 
amounts of methane, a potential biosignature. And then in 2018 a 
rover would land and drill to see if microorganisms have been living 
beneath the surface. This rover would also grab bits of rock and soil as 
the first stage in a three-pronged plan to bring samples back to Earth, 
a long-term priority for Mars scientists. 

But sample return of any sort is expensive. One credible assess- 
ment from the National Academies’ decadal survey review puts the 
costs of a three-stage Mars sample return at as much as $8.5 billion. 
That is why budget minders for the administration of President 
Barack Obama are rightly concerned about embarking down this 
road — $8.5 billion happens to be roughly the price tag for a similarly 
ambitious mission, the James Webb Space Telescope, a successor to the 
Hubble Space Telescope. But the Webb telescope at least buys diver- 
sity: the ability to investigate millions of galaxies and stars, and even to 
look for the atmospheric biosignatures of planets not too much 
larger than Earth. A Mars sample return buys you a few rocks from one 
specific place. After Viking, in the late 1970s and early 1980s, NASA — 
exploring space during a terrestrial economic slump anda time of post- 
Apollo drift — did not launch a Mars mission 
for almost a generation. And that is why Curi- 
osity, for all its prowess, may also be the last in 
the current line of landed robotic Mars missions. 
Godspeed, Curiosity. m 
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sleep-walking through the greatest crisis to afflict the West 

since the Second World War. True, from the point of view of 
the scientist at the bench, grants continue to flow and results continue 
to be published. Perhaps this is why wider discourse about science’s 
role in society has hardly budged an inch. 

For the past three years, I have grown steadily more impatient with 
this ‘business as usual’ approach. Whenever an academy president 
or research chief stands up to speak in public, I have been waiting for 
them to explain how they will do things differently. They never do. 

At the World Science Forum in Budapest last week, some scientific 
leaders finally acknowledged the new reality. In particular, representa- 
tives of developing countries — which account for 
a fast-growing share of global science — talked of 
radical reorientation of research priorities to bet- 
ter match the pressing needs of their populations. 
And behind the scenes, analysts are mapping out 
fascinating, and sometimes alarming, possible 
scenarios for global science after the crash. 

Challenged by Hungarian Prime Minister 
Viktor Orban to face up to the implications of the 
economic crisis, prominent Western representa- 
tives at the forum, such as William Colglazier, 
science adviser to US secretary of state Hillary 
Clinton, and Chris Llewellyn Smith, former chief 
of Europe’s particle-physics laboratory CERN, 
failed to do so in their plenary talks. And some 
speakers were clearly more comfortable discussing 
the planet’s ecological crises than the economic 
ones currently alarming the general population. 

Questions were soon raised, however, when 
Princess Sumaya bint el Hassan of Jordan’s Royal Scientific Society 
captured the mood of the developing world. “We must ask ourselves 
why so much scientific research is driven by the consumer needs of a 
tiny elite” she said. “We're being naive if we envisage business-as-usual 
for science in the new century.” 

Some things remained unsaid at Budapest: no one criticized 
science’s failure to join engineering groups in highlighting the lack of 
solid, productive foundations for the two-decades-long boom that 
ended abruptly in 2008. Nor was there criticism of failure to expose 
the pseudoscience that underpinned the exotic financial instruments 
that played such a central part in both the boom and the bust. 

But the forum did reveal the beginnings of a serious response by 
scientific leaders to the tumult ahead. Despite much cosy rhetoric 
about defending research funding, one uncom- 


"| hose involved in science policy sometimes seem to me to be 
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~  Science’s attitudes must 
reflect a world in crisis 


Colin Macilwain welcomes a wake-up call to science policy-makers to 
address the consequences of current political and economic upheavals. 


will spend more money, that sort of change will wreak havoc. 

One great danger is that scarce funding will consolidate around 
single-discipline research — even though everyone knows that the most 
valuable work is now multidisciplinary. An associated danger, already 
revealed in the US Congress, is that the social sciences will be expelled 
from the temple — just when, as Llewellyn Smith pointed out in Buda- 
pest, the hard sciences need to invite them in to help public engagement. 

But the political outcomes of the crisis aren't yet clear enough to 
enable scientists to plan around them. That has led the International 
Council for Science (ICSU) in Paris, the global association of academies 
and scientific societies, to conduct a foresight exercise that explores 
how science as a whole might change shape over the next 20 years. 

An ICSU task force led by physicist John 
Marks has been looking at all the drivers of 
global science and has consolidated them into 
two overriding forces: engagement with society 
and globalization (as opposed to nationalism). 
Plotting these two against each other, Marks told 
the forum, produces four distinct scenarios for 
the future — whatever the level of funding. 

The first and most sunny, with more globaliza- 
tion and high engagement, would see a series of 
positive outcomes, including much more inter- 
disciplinary research. The second — more glo- 
balization but low engagement — is rather like 
what we had before the crash, only worse. The 
ICSU PowerPoint slide for this showed bunches 
of vainglorious yuppies with mobile phones and 
portable computers, doubtless creating more giz- 
mos and expensive drugs that most people in the 
world can't afford. The third scenario would have 
more nationalism, with high engagement. That might create a series of 
little Denmarks pulling away from each other to deal with their own 
problems, with their own research strategies and regulatory regimes. 

Finally, and most ominously, there’s more nationalism, with less 
engagement. This predicts old-fashioned, stick-to-your-knitting, single- 
discipline science, aligned with resurgent nationalism. The slide for this 
one had a mushroom cloud at one stage, but Marks settled for a barely 
more reassuring image of some darkly lurking battleships. 

The ICSU exercise isn’t complete yet and not everyone sees its value. 
But it outlines the choices that science faces. Scientists have always 
cultivated globalization, and can keep pushing for it. Engagement is 
different; a tribal disdain for the social sciences still holds sway in the 
laboratory, as does a haughty disregard for the views and demands of 
the general public. Both outlooks need to be jettisoned if science is to 
contribute and thrive in this new world. m 


Colin Macilwain is a contributing correspondent with Nature. 
e-mail: cfmworldview@gmail.com 
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SEVEN DAYS 


US budget cuts 


Congressional legislators have 
managed to pass a portion 

of the US government 2012 
budget, including allocations 


for NASA, the National Science 


Foundation and the Food 

and Drug Administration, 
among other science-related 
agencies. The 17 November 
settlement was not entirely 
bad for those bracing for deep 
cuts — with the exception of 
the White House Office of 
Science and Technology Policy, 
whose budget was slashed 

by one-third. But all science 
agencies face greater pain from 
January 2013, after legislators 
couldn't agree by 23 November 
on how to trim the federal 
deficit by $1.2 trillion, a failure 
that triggers across-the-board 
budget cuts. See page 455 

for details. 


Avastin revoked 

The US Food and Drug 
Administration has withdrawn 
its approval of the drug 
Avastin (bevacizumab) to treat 
advanced breast cancer. The 
agency announced almost a 
year ago that it would revoke 
approval because the drug's 
risks outweigh its benefits. 
Avastin’s maker, Genentech 

in San Francisco, California, 
challenged that verdict, but the 
agency finalized its decision on 
18 November. See go.nature. 
com/46m7ws5 for more. 


Italian shake-up 


Electrical engineer Francesco 
Profumo will be minister for 
education, universities and 
research in Italy’s emergency 
administration, which was 
announced on 16 November 
by Prime Minister Mario 
Monti. Profumo was rector of 
the Polytechnic of Turin until 
August, when he was made 
president of Italy’s National 
Research Council funding 
agency. That appointment 


The news in brief 


Scanning whales in the desert 


In Chile's Atacama desert, a team of researchers 
from institutions in Chile, Brazil and the 

United States has uncovered a trove of at least 

80 exquisitely preserved whale fossils. Last week, 
scientists from the Smithsonian Institution in 
Washington DC completed an effort to scan the 
fossils using lasers, allowing the creation ofa 


was part of a broader initiative 
to make the Italian research 
system more transparent and 
meritocratic (see Nature 476, 
386; 2011); Profumo will now 
oversee these reforms. There 
are no politicians in Monti’s 
cabinet, which is intended to 
govern until elections in 2013. 


Antibiotic alert 


The European Commission has 
unveiled a five-year strategy 
to tackle the growing problem 
of antibiotic resistance, urging 
greater prudence in the use 

of antimicrobials in human 
and veterinary medicine. 

The action plan, which 
recommends strengthening 
surveillance systems to better 
track and report cases of 
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resistance, was published on 
17 November. On the same 
day, the European Centre 

for Disease Prevention and 
Control in Solna, Sweden, 
published statistics showing 
how bacteria resistant to the 
carbapenems, a key last-line- 
of-defence class of antibiotic, 


are spreading through Europe. 


See go.nature.com/zn3csi 
for more. 


Gilead spends big 
Gilead Sciences in Foster 
City, California, is spending 
US$11 billion to acquire 
small biotechnology firm 
Pharmasset, it announced on 
21 November. Pharmasset, 


three-dimensional replica of the site. (Vincent 
Rossi from the Smithsonian's 3D digitization 
programme is pictured.) The team had to finish 
by December because the area will soon become 
a highway; the fossils were first spotted by a 
road-building firm working on the site in 2010. 
See go.nature.com/kd24pr for more. 


of Princeton, New Jersey, 

has three treatments for 
hepatitis C in clinical trials; 
Gilead also has interests in 
this area. At $137 per share, 
the agreed price was an 89% 
premium on Pharmasset’s 
closing price at the end of the 
previous week. 


Faster than light 2 
The OPERA experiment, 
which made headlines in 
September for saying that 
neutrinos could travel faster 
than light, released further 
data supporting its claim on 
17 November. The experiment 
measures the speed of a pulsed 
beam of neutrinos sent about 
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730 kilometres from CERN, 
Europe's particle-physics lab 
near Geneva, Switzerland, 

to Gran Sasso National 
Laboratory near LAquila, Italy. 
In the latest run, the pulses 
were shorter and more 
precisely timed, ruling out 
some sources of systematic 
error. But physicists are likely 
to remain doubtful until an 
independent experiment 
replicates the finding. MINOS 
at Fermilab in Batavia, 
Illinois, hopes to weigh in 
early in 2012. See go.nature. 
com/3f8fpr for more. 


Higgs hunting 

Data from experiments at 
the Large Hadron Collider 
have further restricted the 
range of possible masses for 
the elusive Higgs boson — 
the particle thought to give 
other fundamental particles 
their mass. On 18 November, 
research teams from the 
particle accelerator at CERN, 
Europe's particle-physics 
laboratory near Geneva, 
Switzerland, revealed the 
latest results, which restrict 
the Higgs to a mass of 
114-141 gigaelectronvolts. 
Data analysis scouring this 
final hiding place should be 
complete by the end of this 
year. See page 456 for more. 


Extreme weather 


Climate change will make 
extremes of hot weather 
more frequent and severe 


TREND WATCH 


Slow demand for solar panels, 
oversupply of products and 
materials, and subsidy cuts are 
biting into the industry's profits. 
Last week, Germany's biggest 
solar-panel maker, SolarWorld in 
Bonn, reported its first quarterly 
net loss in two years, and the chief 
financial officer of panel maker 
Q-Cells in Bitterfeld- Wolfen 
resigned after a second quarterly 
loss. Even Chinese panel maker 
JinkoSolar in Shanghai and 
polysilicon manufacturer Daqo 
in Chongqing City said they had 
missed sales targets this quarter. 


in coming decades, the 
Intergovernmental Panel 

on Climate Change warned 

ina report released on 

18 November. But the effect 

on patterns of rainfall, flood 
risk and tropical storms is 
uncertain, said the report. It 

is not clear, for example, what 
will happen to the frequency of 
localized weather events such 
as last year’s catastrophic floods 
in Pakistan (pictured). Last 
week's report was a summary 
for policy-makers; the full 
version is scheduled for release 
early next year. See go.nature. 
com/nxyavf for more. 


PEOPLE 
Europe’s adviser 


Europe’s first chief scientific 
adviser (CSA) will be Anne 
Glover, a molecular and cell 
biologist who is currently CSA 
to the Scottish government, 
sources told Nature on 

21 November. Glover’s 


SOLAR STOCKS KEEP FALLING 


appointment comes more than 
two years after José Manuel 
Barroso, the president of 

the European Commission, 
pledged on 15 September 
2009 to create the post. But 
the details of her role are still 
unclear, including how much 
power and freedom she will 
have in providing advice and 
influencing policy-making. 
See go.nature.com/kvmwya 
for more. 


NASA science head 
John Grunsfeld, an 
astrophysicist and astronaut 
who fixed the Hubble Space 
Telescope, has been chosen 

as associate administrator 

of NASA’s science mission 
directorate, according to 
sources with knowledge of 
the selection. Grunsfeld is 
currently deputy director of 
the Space Telescope Science 
Institute in Baltimore, 
Maryland, which operates 
Hubble. He would replace 

Ed Weiler, who resigned in 
September. See go.nature.com/ 
u929zt for more. 


Stolen data? 


The scientist behind a partially 
retracted paper that linked 
chronic fatigue syndrome 

toa virus, XMRV, has been 
arrested and jailed in relation 
to a lawsuit brought by 

her former employer. Judy 
Mikovits had been research 
director at the Whittemore 
Peterson Institute for 


Solar-panel makers and materials suppliers continue to struggle 
in 2011 as cheap photovoltaic modules oversupply the market. 
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SEVEN DAYS | THIS WEEK | 


26 NOVEMBER 
NASA%’s Mars Science 
Laboratory is scheduled 
to launch. 
go.nature.com/gmbdai 


28 NOV-9 DEC 
International climate 
negotiations continue in 
Durban, South Africa, 
with the 17th meeting 

of parties to the United 
Nations Framework 
Convention on Climate 
Change. A key debate will 
be the future of the Kyoto 
Protocol, which expires 
next year (see page 454). 
www.copt7-cmp7durban.com 


30 NOVEMBER 
Patent protection 

runs out on Pfizer's 
cholesterol-lowering 
drug Lipitor 
(atorvastatin), the 
world’s top-selling 
prescription medicine. 


Neuro-Immune Disease in 
Reno, Nevada, but was fired 
barely two months ago. On 18 
November she was arrested 

by police in Ventura County, 
California; the lawsuit claims 
she absconded with laboratory 
notebooks and proprietary 
information. See go.nature. 
com/uwlzph for more. 


WHO retains chief 


Margaret Chan, who has been 
director-general of the World 
Health Organization for the 
past five years, looks set to 
retain her post for another 
five-year term. The agency 
said on 21 November that 
Chan was the only candidate 
nominated for the position by 
member states. Its executive 
board meets in January 2012 
to vote on proposing Chan for 
re-election: an appointment 
will be formally decided in 
May by the World Health 
Assembly. 
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Infant chimpanzees born recently at the New Iberia Resdarch Center in Eeulsiana 
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Lab bred chimps 
despite ban 


US facility says it broke no rules — but opponents cry foul. 


BY MEREDITH WADMAN 


he largest and most high-profile chim- 
[Pome research centre in the United 

States has acknowledged to Nature that 
137 infant chimpanzees have been born to 
federally owned animals under its care since 
2000, despite a government moratorium on 
such births. The centre says that it abided by 
the policy because the infant chimps are not 


supported by federal funds. But critics claim 
that any breeding of government chimps vio- 
lates the spirit of the ban, which they consider 
was partly a response to ethical concerns about 
research on chimps. The United States and 
Gabon are the only countries whose govern- 
ments are known to allow invasive chimpanzee 
research. 

Thomas Rowell, director of the New Iberia 
Research Center (NIRC) in Louisiana, has told 


Nature that he does not dispute allegations that 
123 chimps born at the centre between 2000 
and 2009 — more than one-third of the total 
number currently housed there — have at least 
one parent owned by the National Institutes of 
Health (NIH) in Bethesda, Maryland. The NIH 
brought in a breeding moratorium in 1995 that 
has been included in agency contracts made 
with chimp research facilities ever since. But 
Rowell says that the NIRC, which is part of the 
University of Louisiana at Lafayette, is not in 
breach of the policy because, as specified in its 
written agreement with the NIH, the centre 
assumes ownership of the infants and pays for 
their care. 

Details of the NIRC’s breeding activities 
were first made known to the US Senate in 
2010 when the Humane Society of the United 
States used Louisiana and US freedom of infor- 
mation laws to compile birth records of chimps 
born at the centre during the previous decade. 
The investigation showed that 137 of the ani- 
mals had at least one federally owned parent. 
Attacks by adults killed 14 of the infant chimps; 
of the 123 that survived, the Humane Society's 
data indicate, 7 are owned by the NIH and not 
by the chimp centre, as the agreement requires. 
Rowell will not discuss the seven because he 
says the NIH is investigating the matter. 

“They are breeding in what seems to be 
violation of government contracts,” says 
Kathleen Conlee, the society’s senior director 
of programme management, who notes that 
the centre receives about US$1 million per 
year for the upkeep of federally owned chimps. 
“They shouldn't be receiving funds if they are 
not following the grant agreement.” In March, 
the Humane Society petitioned the US Depart- 
ment of Health and Human Services — the 
NIH’s parent agency — to revoke funding to 
the NIRC, and asked the Department of Justice 
to fine the centre as much as $30 million. 

After the society’s findings were reported 
online last week by Wired, Rowell told Nature 
that the centre's actions are “consistent” with 
the terms of the award. The NIH will neither 
confirm nor deny that the NIRC is in violation 
of its agreement. 

Gregory Kaebnick, an ethicist at the Hastings 
Center in Garrison, New 
York, says that even if 
the NIRC did take own- 
ership of all 123 infant 
chimps, its reading of the 
ban “may be within 


For more on chimp 
research in the 
United States see: 
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> the letter of the law but well outside the 
spirit of the law”. The moratorium inevita- 
bly reflects ethical objections to breeding, 
he argues, not just its costs. Requiring the 
NIRC to take responsibility for offspring of 
federally owned chimps is a reasonable way 
to cover accidental births due to the failure 
of contraceptive methods, but it should not 
be taken as a licence to breed, he adds. 

Rowell says that the NIRC has taken 
several measures to reduce the number of 
animals being born compared with when 
it was “in a breeding mode” before 1995. 
Then, 20-40 births per year were typical. 
The measures include the use of intra- 
uterine devices in females; discontinuing 
immediate weaning of offspring, so that 
females remain infertile for up to four years 
after giving birth; vasectomizing selected 
males; and housing males and females sepa- 
rately where possible. 

But because of the importance of 
maintaining breeding capacity in case 
the moratorium is lifted, Rowell says, the 
centre chose not to sterilize all animals. 
“The NIRC has made a good-faith attempt 
to maintain our colony as a high-value 
resource for both immediate and future 
need to the biomedical research commu- 
nity,’ he says. “The additional animals play 
a pivotal role in addressing global human 
health problems.” 

Although the NIH states that the morato- 
rium was instituted for economic reasons, 
“more and more people are becoming con- 
scious of the fact that chimps in research 
suffer in horrible ways that we don’t want 
them to be suffering,” says Bruce Wagman, 
a partner and animal-law expert in the 
San Francisco office of the law firm Schiff 
Hardin. 

In mid-December, a committee of the 
US Institute of Medicine is due to opine on 
whether the NIH should continue to fund 
chimp research at all. The NIH called for 
the study after strong protests against its 
efforts to move 186 semi-retired chimpan- 
zees back into active research (see Nature 
467, 507-508; 2010). 

Paradoxically, the NIH has benefited 
from the continued breeding of federal 
animals. The agency’s National Institute of 
Allergy and Infectious Diseases has paid the 
Louisiana centre more than $6 million since 
2002 to provide it with 4 to 12 infant chim- 
panzees annually for studies of hepatitis C 
and other viral diseases. According to the 
data gathered by the Humane Society, 50 
of these chimps were born to one or more 
NIH-owned animals. 

“Rather than passing off the costs and 
therefore saying ‘it’s no problem, the 
NIH should be doing everything it can to 
enforce the breeding moratorium, says 
Wagman. “The moratorium is absolute.” m 
SEE EDITORIAL P.445 
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Nations that are vulnerable to flooding and drought stand to lose out if climate talks fail. 


CLIMATE POLICY 


Showdown nears 
for climate deal 


Expected debate over Kyoto Protocol threatens to stall 


progress on other fronts. 


BY JEFF TOLLEFSON 


here’s a storm brewing in South Africa, 
although not the kind that climate scientists 
warned of last week in a report linking extreme 
weather to global warming (see http://dx.doi. 
org/10.1038/nature.2011.9397; 2011). This one 
is the political tempest that is swirling around 
the Kyoto Protocol. Forecasts suggest that it 
will hit in full force when delegates to the seven- 
teenth meeting of the United Nations Frame- 
work Convention on Climate Change gather 
in Durban on 28 November — and it could 
threaten progress on an alternative agreement. 
Negotiated in 1997, Kyoto combines 
commitments by wealthy nations (excluding 
the United States, which has never ratified the 
agreement) to limit greenhouse-gas emissions 
with monetary and technical support for poor 
nations. The commitments are set to expire 
next year and nothing comparable has mater- 
ialized to take their place. 
The world has changed since Kyoto was 
negotiated. Powerhouse developing econo- 
mies are now among the world’s leading 
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carbon dioxide emitters. Today, China holds the 
number one spot and India is fourth behind the 
United States and the European Union (EU). 
With Western nations in the midst ofa finan- 
cial crisis, there is little enthusiasm for renewing 
Kyoto, or for the underlying assumption that the 
developed world should shoulder the full bur- 
den of controlling greenhouse-gas emissions. 
In Durban, supporters of Kyoto — mainly 
developing nations — will make their last stand. 
“The world can't punt this issue any longer,’ 
says Robert Stavins, an environmental econo- 
mist at Harvard University’s John F. Kennedy 
School of Government in Cambridge, Massa- 
chusetts. Stavins believes that negotiators will 
find some way to keep the Kyoto Protocol alive, 
if only in spirit, but he acknowledges that the 
meeting could also fall apart. “Some people 
would say that this is the death that is required 
in order to have a rebirth” 


> NATURE.COM in the negotiating pro- 
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years ago in Copenhagen (see Nature 462, 966- 
967; 2009), when world leaders first broke with 
the Kyoto formula to offer the developing world 
rewards without commitments. Japan, Canada 
and Russia, which all agreed to the original pro- 
tocol, said that they opposed a second commit- 
ment period. Even the EU may not support an 
extension of Kyoto, Stavins says, although its 
trail-blazing carbon trading system could con- 
tinue even if the treaty becomes dormant. 

In Copenhagen, and again last year in 
Cancun, Mexico, countries such as China, 
Brazil and South Africa joined wealthy nations 
in making voluntary commitments to limit 
emissions of greenhouse gases. In exchange, 
wealthy countries agreed to ramp up financing 
to help the poorest countries prepare for global 
warming. The framework that emerged is 
more inclusive than Kyoto, but lacks the formal 
stature of a fully binding international treaty. 
Developing countries, as a bloc, are reluctant 
give up on the old protocol until something 
more concrete takes its place. 

“The call to mandate a new treaty in place 
of the Kyoto Protocol should be understood 
for what it is — rich countries backtracking on 
inconvenient commitments, at the expense of 
the poor and the planet,” says Lim Li Lin, who 
works with developing countries at the Third 
World Network, a non-profit advocacy group 
based in Penang, Malaysia. 

Under the Copenhagen Accord, countries 
agreed to try to limit global warming to 2°C 
and to consider lowering that target to 1.5°C. 
Actual commitments to greenhouse-gas cuts 
fell well short of what studies suggest are 
needed to meet the 2°C goal. The accord also 
includes provisions to slow deforestation, pro- 
mote adaptation and hasten the spread of green 
technologies, with wealthy countries promising 
US$30 billion in financing by 2012, which will 
increase to $100 billion annually by 2020. 

Negotiators were able to advance many of 
these initiatives in Cancun last year, but cru- 
cial details regarding which institutions will 
manage this money, who will decide how it is 
spent and how emissions commitments will 
be registered and tracked remain unresolved. 
“Durban needs to put the entire architecture 
of climate-resilient development on a more 
solid basis,” says Koko Warner, a climate pol- 
icy expert with the United Nations University 
Institute for Environment and Human Security 
in Bonn, Germany. 

But many fear that frustration over Kyoto 
could stall progress in other areas of the talks 
and threaten the viability of the Copenhagen 
Accord. 

“| think what really kept developing countries 
at the negotiating table in Copenhagen was 
the $100 billion per year,’ says Timmons 
Roberts, who heads the Center for Environmen- 
tal Studies at Brown University in Providence, 
Rhode Island. “If it’s just another empty aid 
promise, the Copenhagen Accord is going to 
fall apart.” m 
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US science agencies 
dodge deep cuts 


Partial 2012 budget mostly spares research, but deficit - 
reduction measures still pose a looming threat. 


BY IVAN SEMENIUK 


r | Vhe most fractious and combative US 
Congress in recent memory is getting 
on with approving a 2012 budget — 

although perhaps only so that it can move 

more swiftly to the next battlefield. On 

17 November, legislators passed a spending 

bill that includes allocations for several key 

science-related agencies. The bill has since 
been signed off by President Barack Obama. 

The budget was a relief for researchers and 
their advocates, who had feared deeper cuts 
to science. Under the provisions of the bill, 
the National Science Foundation (NSF), the 
National Oceanic and Atmospheric Admin- 
istration (NOAA), the National Institute of 
Standards and Technology and the Food 
and Drug Administration (FDA) all received 
modest increases (see table). 

Even NASA, which has seen its budget 
shrink by nearly US$1 billion over the past 
two years — essentially because it has ended 
the space-shuttle programme — kept all 
its major science initiatives. It even got an 
increase for the 6.5-metre James Webb Space 
Telescope (JWST), which has been subject 
to chronic cost overruns that at one point 
prompted deficit-focused Republicans to 
propose dropping it from the space agency's 
budget altogether. 

“That wakes you up,’ says Kevin Marvel, 
executive officer of the American Astronom- 
ical Society in Washington DC. The JWST 
has now been restored, with continued sup- 
port endorsed by both the House of Repre- 
sentatives and the Senate, and NASA’ science 
budget has increased by 3.1%. Although this 
by no means solves all of NASAs budget woes 
— the agency is also facing questions about a 
series of missions to Mars (see Editorial, page 
446) — it is a reassuring outcome in finan- 
cially uncertain times. “Compared to where 
we could have been, we are in a good place for 
2012,’ says Marvel. 

The NSF is also cautiously optimistic: 
its budget grew unexpectedly by almost 
US$200 million dollars to just over $7 bil- 
lion. However, this falls short of the 
nearly $7.8 billion that Obama requested 
for the NSF in February. That amount 
would have helped to maintain a ten-year 


doubling of funding for the agency, as set 
out by the America COMPETES Act that was 
reauthorized last year. 

The budget “lifts a huge cloud that was 
hanging over the agency and makes it into a 
much smaller one’, says Michael Lubell, direc- 
tor of public affairs for the American Physi- 
cal Society in Washington DC. Having used 
economic-stimulus money to increase fund- 
ing to researchers in 2009-10, the NSF was 
already expecting to scale back its grants next 
year. The 2012 budget is not large enough to 
avoid that altogether, but the agency should 
be able to maintain its commitments to major 
research facilities while seeing a smaller 
reduction in grant-acceptance rates. 

The FDA received a $50-million increase 
in its congressional appropriation, $39 mil- 
lion of which will go towards implement- 
ing a food-safety law passed in January. “It’s 
good that they saw 
the need to pass 
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for 2012. ‘i kett, a senior staff 


attorney at the 
Center for Science in the Public Interest, 
an advocacy group in Washington DC. The 
FDA had estimated that it would need more 
than $183 million in extra funding in 2012 to 
implement the food-safety act. 

The spending bill holds both victories and 
disappointments for NOAA. The agency’s 
budget will increase, with an allocation of 
$924 million to continue funding its Joint 
Polar Satellite System — a programme witha 
history of budget problems, but one that poli- 
ticians are reluctant to attack because its data 
are crucial for forecasting severe weather. Not 
so fortunate was an effort to combine a series 
of government functions in a national climate 
service, a stated goal of Jane Lubchenco, who 
was appointed as NOAA director by Obama 
in 2009. With climate science a favourite tar- 
get of Republican ire, the proposed service 

was turned down. 
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> Holdren, director of the White House 
Office of Science and Technology Policy 
(OSTP). Noting the OSTP’s defiance of a 2011 
congressional rule that bans the office from 
collaborating with China (see Nature 478, 
294-295; 2011), the House appropriations 
committee hacked away nearly one-third of the 
office's relatively small budget, leaving Holdren 
with $4.5 million to run his agency. 

Neal Lane, a senior fellow at the James A. 
Baker III Institute for Public Policy at Rice 
University in Houston, Texas, and a one-time 
science adviser to former US president Bill 
Clinton, calls this direct attack by the appro- 
priations committee on a part of Obama's 
administration an unusual move that is “very 
counterproductive” for science policy, and will 
have damaging consequences for the OSTP 
and US-based research as whole. “It's the only 
place in the federal government where any- 
body is paying attention to the overall health 
of science and technology in the country,” 
says Lane. 

The action is one of many indications that 
the 2013 budget process, which will unfold dur- 
ing a presidential-election year, is likely to be 
hijacked and delayed by political manoeuvring. 
As Nature went to press, a bipartisan ‘super- 
committee’ of legislators tasked with finding a 
way to reduce the federal deficit by $1.2 trillion 


A WORK IN PROGRESS 


Aspending bill enacted on 17 November includes 2012 budget allocations (US$ millions) for several 
key federal science agencies. Still to come are final numbers for the National Institutes of Health, the 
Department of Energy and the Environmental Protection Agency, among others. 


2011 2012 2012 enacted 
estimated requested 

18,448 18,724 17,800 

6,860 7,768 7,033 

4,588 5,498 4,894 

2,447 2,744 2,497 

750 1,004 YS 


Agency 2010 actual 
NASA 18,725 
National Science Foundation 6,873 
National Oceanic and Atmospheric 4,853 
Administration 

Food and Drug Administration 2,362 
National Institute of Standards and 863 
Technology 

Sources: White House Office of Management an 


Committee on Appropriations. 


seemed all but certain to miss its 23 November 
deadline. This would trigger steep across-the- 
board cuts for all branches of the federal gov- 
ernment, including all science-related agencies, 
beginning in January 2013 — unless Congress 
intervenes before then to overturn its own rules 
(see Nature 476, 133-134; 2011). 

In the short term, legislators will move on 
to the next phase of their 2012 budget negotia- 
tions. By 16 December they must agree ona 
budget for those branches of the government 
not addressed in last week’s spending bill. 
Among those are the Department of Energy 


Budget; American Association for the Advancement of Science; FDA; US Senate 


and the Environmental Protection Agency, fre- 
quent victims of Republican attack that were 
marked for significant cuts in 2011. Also to be 
determined is the allocation for the National 
Institutes of Health, the federal government's 
largest research enterprise at $30 billion. The 
agency is waiting to learn whether its ambi- 
tious bid to launch a centre for translational 
science will survive this year’s budget battles 
(see Nature 477, 141-142; 2011). m 


Additional reporting by Susan Young and 
Meredith Wadman. 


PARTICLE PHYSICS 


Higgs hunt enters endgame 


Large Hadron Collider could soon deliver a clear verdict on missing boson. 


BY GEOFF BRUMFIEL IN GENEVA, 
SWITZERLAND 


ill Murray is a man with secrets. Along 
B with a handful of other scientists based 

at CERN, Europe's particle-physics facil- 
ity near Geneva, Switzerland, Murray is one 
of the few researchers with access to the latest 
data on the Higgs boson — the most sought- 
after particle in physics. 

Looking at his laptop, he traces a thin black 
line that wiggles across a shaded area at the 
centre of a graph. This is the fruit of his sum- 
mer’s labours. “It’s interesting, actually, looking 
at this again,” he muses. A tantalizing pause. 
“But no, I cart say...” 

Despite Murray’s coyness, there are few places 
left for the Higgs to hide. Billed as the particle 
that helps to confer mass on other matter, and 
the final missing piece in the ‘standard model’ 
of particle physics, the Higgs would be a huge 
prize for CERN’s Large Hadron Collider (LHC), 
the world’s most powerful particle accelerator. 
But so far, the two massive detectors there — 
ATLAS, where Murray works, and the Compact 


Muon Solenoid (CMS) — have not seen any 
convincing signals of the elusive particle. 

Ataconference in Paris on 18 November, 
teams from ATLAS and the CMS experiments 
presented a combined analysis that wipes out a 
wide swathe of potential masses for the Higgs 
particle. Gone is the entire mass range from 
141 to 476 gigaelectronvolts (GeV; energy and 
mass are interchangeable in particle physics). 
Together with earlier results from the 1990s, 
the analysis leaves a relatively narrow window 
of just 114-141 GeV in which the Higgs could 
lurk (see ‘Cornering the Higgs’). 


CORNERING THE HIGGS 


Data from various particle accelerators restrict the 
mass of the Higgs particle, if it exists, to the range 
114-141 gigaelectronvolts (GeV). 
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Analysis of the very latest data from this 
autumn — which Murray isn’t yet ready to 
share — will scour the range that remains. If 
it turns out to be empty, physicists may have 
to accept that the particle simply isn’t there. 
Working around the clock, the detector teams 
hope to have this larger data set analysed 
before the end of December. “We'll know the 
outcome within weeks,’ says Guido Tonelli, 
spokesman for the CMS detector. 


WAITING FOR GOD 

The quest for the Higgs boson, often called 
the ‘God particle’ after the title ofa 1993 book 
by Nobel prizewinner Leon Lederman, is the 
public face of science at the LHC. Most high- 
energy physicists wince at the deistic designa- 
tion, but they hold a near-religious devotion 
to the boson. Contrary to the popular view, 
their belief has less to do with mass than with 
fundamental forces. 

Four fundamental forces are at work in 
nature: gravity, the strong nuclear force, the 
weak nuclear force and electromagnetism. 
Since the mid-1960s, physicists have strongly 
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DO YOU BELIEVE? 


IN FOCUS | NEWS 


Nature asked leading theoretical physicists whether they thought the Large Hadron Collider 
would find the Higgs particle predicted by the standard model of particle physics. 


: “In some ways, I 
: would prefer that 
: itis not found.” 
: Tom Kibble 


“Hopefully.” 
Lisa Randall 


“Tremain 
optimistic.” 
Frank Wilczek 


“Absolutely!” 
David Gross 
. “Tf not in two : “As a fully paid-up 
: “There are other years, then never.” : supersymmetrist, 
: possibilities.” Sheldon Glashow ; I have to say yes.” 
: Steven Weinberg : : John Ellis 
50/50 POTENTIALLY YES 50 


Tom Kibble, Imperial College London; Steven Weinberg, University of Texas at Austin; Sheldon Glashow and Lisa Randall, Harvard University, 
Cambridge, Massachusetts; Frank Wilczek, Massachusetts Institute of Technology, Cambridge; John Ellis, CERN, Geneva, Switzerland; 
David Gross, Kavli Institute for Theoretical Physics, Santa Barbara, California. 


suspected that the weak and electromagnetic 
forces are actually different aspects of a single 
‘electroweak force. This is partly because the 
photon, the force-carrying particle of electro- 
magnetism, is highly similar to the force- 
carrying particles of the weak force — the W 
and Z bosons. Moreover, a single electroweak 
theory successfully predicts the interactions of 
fundamental particles. 

There is one problem, however: the W and 
Z bosons are extremely heavy, nearly 100 GeV, 
whereas the photon is massless. To explain the 
difference, a number of physicists (including 
Peter Higgs in 1964) proposed a new field and 
particle. The eponymous Higgs mechanism 
would interact with the W and Z bosons, giv- 
ing them mass, but would ignore the photon, 
allowing it to remain massless. Relatively 
straightforward tweaks to the Higgs machin- 
ery allow it to endow other particles, such as 
quarks, with their observed masses as well. 

“The Higgs now sought at CERN is expected 
on the basis of the simplest picture” for the 
electroweak theory, says Steven Weinberg, 
a theorist who won a Nobel prize in 1979 
for his work unifying electromagnetism and 
the weak force. “But there are other possi- 
bilities,” he adds, reckoning the odds that the 
LHC’s detectors will find the Higgs at 50/50 
(see ‘Do you believe?’). 

If there is no Higgs, then what? Gian 
Giudice, a theorist at CERN, recently pub- 
lished work suggesting that giant clusters of W 
bosons might serve the same purpose, but even 
he admits that “it would be a great surprise if 
it were true”. Other models without the Higgs 

boson invoke extra 
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likely alternative is that the Higgs is not a single 
particle, but rather a class of particles, which 
together do the job of unifying the two forces. 
Such a concept might appeal theoretically if 
a single Higgs is not found, but it would bea 
major headache for experimentalists to check. 
Theorists believe that the conventional Higgs 
boson would leave only a subtle mark on the 
detectors as it decays into W and Z bosons, 
high-energy photons and other particles. If 
there were two Higgs-like particles instead of 
one, the signal of each would be weaker still, 
says Murray. “It starts to get quite messy to do 
the analysis,’ he says. 

The answer to the Higgs question lies in the 
data now being crunched at CERN and other 
academic-computing centres around the world. 
The first 70 trillion or so collisions turned up 
intriguing Higgs-like decays in the ATLAS 
and CMS experiments, hinting at a particle of 
around 140 GeV (see Nature 475, 434; 2011). 
But the second batch of collisions showed 
nothing. If the collisions now being analysed 
show further evidence of Higgs decays, then 
the teams on the two experiments are likely to 
announce that they have found a tentative sig- 
nal, to be firmed up in 2012. If not, the search 
will probably continue until the LHC is shut 
down for an upgrade at the end of next year. 

Even if that continued search shows no evi- 
dence for a Higgs or anything else, the LHC 
will push on. Without a unified electroweak 
force, the standard model is unable to predict 
how certain particles and forces interact inside 
the collider, says Matthew Strassler, a theo- 
rist at Rutgers University in Piscataway, New 
Jersey. The LHC will gather data on exactly 
those processes, and that information could 
potentially be used to find a way in which 
electromagnetism and the weak force fit 
together. That process, Strassler adds, is likely 
to take many years. m 
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The production of explosives such as nitrocellulose, used to fire shells, could be aided by synthetic biology. 


Bioengineers debate 
use of military money 


US Department of Defense’s call for greener ways to make 
explosives worries synthetic biologists. 


BY ERIKA CHECK HAYDEN 


y transforming microbes into miniature 
B chemical factories, synthetic biol- 

ogy could lead to cheaper medicines, 
greener fuels and, to the distress of some in 
the field, cleaner weapons. Last month, the 
US military asked synthetic biologists to look 
for more environmentally friendly ways to 
manufacture explosives, prompting a round of 
soul-searching about the field’s dependence on 
defence dollars and whether some applications 
should be off-limits. 

A ‘statement of need’ from the Strategic 
Environmental Research and Develop- 
ment Program (a partnership between the 
US Department of Defense, Department of 
Energy and the Environmental Protection 
Agency) calls for research on adapting bio- 
logical systems so that they can be used in 
place of the current chemical methods for 
making explosives, which can involve toxic 
compounds such as heavy metals. 

But manufacturing munitions is anathema 
to some scientists. “I can’t look my kids in the 
eyes and tell them my ideas are being tossed 
around by generals. Id rather they were thrown 
around by doctors or global-health research- 
ers, says Eric Klavins, a synthetic biologist at 


the University of Washington in Seattle. 

The ‘green explosives’ project also highlights 
a broader debate. “We need to figure out what 
the right relationship is between the worlds 
of defence and synthetic biology,” said Drew 
Endy, a bioengineer at Stanford University in 
California, at a defence-science conference in 
Las Vegas last week convened by the defence 
department’s Defense Threat Reduction 
Agency in Fort Belvoir, Virginia. 

Synthetic biologists have struggled to 
get much support from traditional biology 
funders, such as the National Institutes of 
Health, because they tend to regard the field 
as an engineering discipline, says bioengi- 
neer Pam Silver of Harvard Medical School in 
Boston, Massachusetts. They have therefore 
relied heavily on funding from the defence and 
energy departments, as well as the National 
Science Foundation. 

Investments made by the Office of Naval 
Research during the 1990s, for instance, laid 
the foundation for the field, and the Defense 


Advanced Research Pro- 
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programme, called Living Foundries. 

Few of the military investments to date 
have been targeted at offensive applications, 
however. Jim Collins of Boston University 
in Massachusetts, for example, has been 
awarded US$1.5 million a year for 5 years by 
the Office of Naval Research to develop what 
he calls “microbiorobots” — reprogrammed 
bacteria that are able to sense materials in 
the environment. These robots might even- 
tually be used to detect underwater mines, 
for example, but Collins has a simpler goal: 
to demonstrate that living systems can 
be melded with electronic devices. Linda 
Chrisey, who manages the programme that 
awarded Collins’s grant, points out that the 
Geneva Conventions forbid signatories from 
funding work that could facilitate the devel- 
opment of biological weapons. 

But some researchers are uncomfortable 
receiving military funding — including the 
steering committee of the Critical Assess- 
ment of Genetically Engineered Networks, 
which aims to stimulate the field through a 
series of competitions and is sponsored by the 
W. M. Keck Foundation in Los Angeles, Cali- 
fornia. The committee decided not to apply 
for DARPA funding this year after committee 
member Klavins objected. “I understand that 
everything has a dual use. But who funds the 
ideas often determines which uses come first,” 
says Klavins. 

Roger Brent, of the Fred Hutchinson 
Cancer Research Center in Seattle, argues 
that although previous military-funded pro- 
grammes in synthetic biology may not have 
had direct offensive uses, this is not the case 
for the green explosives call. He says that the 
field needs to decide whether it is prepared to 
follow other academic engineering disciplines, 
such as robotics, which have become heavily 
reliant on military funding and are involved in 
projects that have been used in warfare. “This 
could provide a good opportunity for the field 
to debate within itself whether this is a good 
direction to go in,’ says Brent. 

And debate they will. Andrew Ellington of 
the University of Texas at Austin, who advises 
the Defense Intelligence Agency and holds 
grants from DARPA and the Office for Naval 
Research, says that the idea that scientists 
should not work with defence funding relies 
ona “1960s paranoid view of the military”. He 
argues that if the United States is going to make 
weapons, it might as well make them using 
less-toxic processes. “You can have someone 
die because of the way we currently prepare 
munitions,’ he says, “or you can put in propos- 
als to try to make it easier and safer and greener 
to make munitions.” 

Ellington adds that some of his projects — 
such as developing environmental sensors to 
detect mines — could even save lives. “I’m 
proud of the work I do. Id like it if something 
we did someday kept somebody from getting 
blown up,’ = 
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Stem-cell pioneer bows out 


Geron halts first -of-its—kind clinical trial for spinal therapy. 


BY MONYA BAKER 


r | Nhe first company to test a human embry- 
onic stem-cell product in patients has 
become the first big player to bail out of 

the field. Last week’s move shook investor con- 
fidence and raised questions about whether 
the company had overreached itself, as well as 
underscoring just how difficult novel therapies 
are to develop. 

Geron, based in Menlo Park, California, 
announced on 14 November that it would cease 
work on its stem-cell-therapy programmes to 
focus on its anti-cancer portfolio. “It’s kind 
of a heartbreak,” says Melissa Carpenter, 
principal of Carpenter Group Consulting in 
Seattle, Washington, who served as Geron’s 
director of stem-cell biology in the company’s 
early days. “It is truly unfortunate for the field 
that the first possible product didn't get to go 
out of the gate.” 

Human embryonic stem (ES) cells have the 
potential to turn into any of the body’s cell 
types, and so could replace defective tissue in 
myriad diseases. Geron chose to pursue a treat- 
ment for spinal-cord injury — an ambitious 
goal, not least because spinal damage involves 
many cell types. Some in the field speculate that 
Geron went forward with the programme, at 
least in part, because 


the neural-cell pre- “Jirgt hecause 
cursors it was testing Gergn is out. it 
are relatively easy to doesn’t me an 
derive from human thatother tridls 


ES cells, and because 
dramatic results 
in animal studies 
impressed investors when the company needed 
funding. However, human trials are often the 
only way to test such unprecedented therapies. 

Only four of a planned eight patients in 
Geron’s phase I trial have received injections 
of specialized cells derived from human ES 
cells. John Scarlett, who became Geron’s chief 
executive in September (see ‘Rough ride’), 
says that the company will continue to moni- 
tor enrolled patients, but will not recruit more. 
None of the four patients receiving stem-cell 
injections suffered serious adverse events, 
but there were also no hints that the therapy 
was working (although phase I trials are not 
designed to test for efficacy). 

The price of Geron’s stock fell by more than 
30% at the news, from US$2.28 to $1.50 per 
share as Nature went to press. But the com- 
pany estimates that discontinuing stem-cell 
research will save $25 million a year, allowing 


will slow down.” 


it to conduct half a dozen phase II clinical trials 
of its two cancer products in the next two years 
without raising additional funds. Cell-therapy 
studies would have taken longer and cost more. 

Advanced Cell Technology (ACT) of Santa 
Monica, California, is now the only company 
conducting regulator-approved clinical trials 
involving human ES cells; these aim to treat 
degenerative eye diseases using specialized 
retinal cells. 

Investors and patients are eager for reas- 
surance that human ES cells have commercial 
and therapeutic potential, says Robert Lanza, 
chief scientific officer of ACT. “The field at this 
early point desperately needed a big success,” 
he says. “It certainly puts a lot of pressure on 
us to deliver.” 

Geron’s decision comes shortly after a rul- 
ing that products and processes involving 
human ES cells are not patentable in Europe 
(see Nature http://dx.doi.org/10.1038/ 
news.2011.597; 2011), but analyst Reni Benja- 
min of investment bank Rodman & Renshaw 
in New York believes that Geron’s decision 
was unrelated. It was probably already in the 
works when long-term chief executive Thomas 
Okarma left the company abruptly in February, 
and reflects a change in business strategy 
rather than a verdict on cell therapies in gen- 
eral, he says. “Just because Geron is out, it 
doesn’t mean that other trials will slow down” 

Geron had invested heavily to bring human 
ES cells to clinical trials. It funded the stud- 
ies leading to the cells’ derivation in 1998 
(JJ. A. Thomson et al. Science 282, 1145-1147; 
1998) and burned through cash while devising 
ways to manufacture specialized cells from the 
stem cells, as well as running extensive animal 
tests to show that the cells were safe enough to 
use in humans. These early efforts paved the 
way for others trying to move stem cells into 
the clinic. “It’s exponentially easier,’ says Lanza. 
“We know exactly what [regulators] want.” 

There may be other benefits for the field. 
Geron controls extensive intellectual property 
relevant to human ES-cell therapy, says Ken 
Taymor, a stem-cell patent expert at the Uni- 
versity of California, Berkeley, and it may now 
be more willing to license this portfolio to help 
others pursuing such therapies. 

Asked what other companies can learn 
from Geron’s decision, Michael West, who 
ran Geron from 1990 to 1998 and is currently 
chief executive of biotech company BioTime of 
Alameda, California, simply suggests: “Don’t 
be the first one out the door. The first one out 
the door gets all the arrows in his back.” m 
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ROUGH RIDE 


Geron led the field in bringing stem-cell 
therapies to clinical trial, but paid the 
price of being first. 


Geron founded 


NOVEMBER 1990 
by Michael West. 


aE EE Human 
embryonic stem cells (pictured below) 
derived and cultured for the first time, 
funded by Geron. 


EN @AUIERS Despite a 21,000-page 


submission from Geron, the US Food 
and Drug Administration decides that 
its clinical trial of human embryonic 
stem cells should not proceed. 


SUE aE Clinical trial 
approved, just three days after US 
President Barack Obama’s inauguration. 


UES AES Clinical trial put on 


hold again. 
JULY 2010 


proceeds. 


Hold lifted, clinical trial 


OTR Geron announces 
first dose given to patient in clinical trial. 


UA AU Long-term chief 


executive Tom Okarma resigns. 


9a a Geron appoints 


John Scarlett as chief executive. 


SO ETS A Geron quits stem- 


cell research and development. 


How the reclusive Mike 
Malin changed the way 
that scientists view Mars. 


BY ERIC HAND 
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t is sometimes said that Mike Malin knows 


Mars better than anyone else on Earth. 
A more verifiable statement is that 
Malin has seen more of Mars than any- 
one on Earth. His company, Malin Space 
Science Systems (MSSS) in San Diego, Cali- 
fornia, has designed cameras for every one 
of NASA’s Mars-orbiting missions since 
Viking in 1975. Later this week, Malin will 
see the start of his ninth mission to the red 
planet, when a launch window opens on 25 November for Curiosity, the 
US$2.5-billion NASA rover that is carrying three of his camera systems. 

Malin’s devices are the eyes of the rover, the most costly and complicated 
Mars mission in a generation. The pictures taken by his cameras will help 
engineers to steer the machine; they will also be central to the scientific 
aim of the project: to determine whether Mars had suitable conditions 
for life billions of years ago. 

When the images start streaming back from Curiosity, some nine 
months after launch, the best shots are likely to end up in Malin’s hall 
of fame, the library inside his company’s two-storey office building. A 
sanctuary in which the reclusive scientist can work alone, the library is 
strewn with copies of Aviation Week & Space Technology, which Malin 
says he has subscribed to since he was 14. In racks along the walls are 
poster-sized images of Mars taken from orbit. They display the wildly 
variegated terrain that has challenged scientists’ understanding of the 
planet: scorched plains, dead volcanoes, mountainous dunes, chiselled 
canyons and the massive holes in the ground left by asteroid strikes. 
Everywhere he looks, Malin sees a land carved by wind, water and time. 
“T like these big prints,” he says. “You see much more in them?” 

At 61, Malin no longer has the physical stamina for the geological 
field trips that took him to the ends of the Earth to help understand 
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analogous Martian landforms. But he still knows how to aggressively 
interrogate an image. He gets down on his hands and knees and, with 
a magnifying glass, puts his eyes inches above a Mars image he has laid 
flat. “What you can do with pictures is pretty limited,” he says. “But it’s 
mostly limited by your imagination” 

Prickly and driven, Malin is a unique force in the world of planetary 
science. Almost without exception, the instruments that NASA sends to 
other planets come from big government research centres and leading 
universities. But Malin’s company of 30 people has managed to corner 
the market both in the cameras that get sent to Mars and the discoveries 
that they provide. “Here's this little company that’s been trusted to do it,’ 
says Phil Christensen at Arizona State University in Tempe. “It’s amazing” 

Yet Malin feels that he struggles to gain respect — and to get his 
cameras onto missions. And he complains that other researchers have 
not sufficiently adopted his vision of Mars — as a planet with layers 
of sedimentary rock created and sculpted by water and wind. Yet the 
leaders of the Curiosity mission chose its landing spot, the Gale crater, 
precisely because it will allow them to study the sedimentary patterns 
there. Anybody but Malin would see that as a vindication of his work. 


THE WHOLE PICTURE 

Malin’s cameras on Curiosity are sometimes overlooked amid the 
scientific gadgetry packed onto the 900-kilogram rover. One of those 
instruments is a laser that can vaporize distant rocks and, in the flash 
of light, look for tell-tale chemistry. Another will prepare thin samples 
for X-ray diffraction, a challenge even ina laboratory on Earth. Perhaps 
the most important instrument is the Sample Analysis at Mars, which 
will ingest rock samples and tease out their molecular make-up using 
gas chromatography and mass spectrometry in the hope of spotting an 
organic molecule — a sign that Mars once had a habitable environment. 

The cameras are slightly more prosaic. They are much like modern 
digital cameras, but built to withstand the rigours of an interplanetary 
journey and years of dust storms and frigid temperatures on Mars’ sur- 
face. The largest of Malin’s systems are the Mastcams: two cameras on 
the rover’s neck that stand 2 metres off the ground and will survey the 
terrain. A second system, a microscopic imager fixed to the end of a 
robotic arm, will have sufficient resolution to see, for the first time, 
grains of silt. And a third, attached to the underside of the rover’s chassis, 
will monitor Curiosity’s descent and landing. 

All these devices come from a man who once wanted to be a 
trombonist. Born in 1950 to a shoe-store manager and a secretary, Malin 
spent a large part of his teenage years obsessively practising the instru- 
ment. The extraordinary effort, he says, was triggered by a music teacher 
who suggested that he didn’t have the chops for it. He eventually became 
good enough to play with the Los Angeles Philharmonic and consid- 
ered attending a conservatory. “If you ever want Mike to do something, 
tell him he can't,” says Christensen. “He very much has an Tl show you’ 
personality.” 

Nevertheless, Malin ended up choosing space science over the arts. 
He did his graduate work in the early 1970s at the California Institute 
of Technology (Caltech) in Pasadena, and was mentored by Bob Sharp, 
considered by many to be the father of planetary geology. Afterwards, 
Malin had a stint at NASA‘s Jet Propulsion Laboratory at Caltech, a place 
with which he continues to have a love-hate relationship. He admires 
the lab’s planetary missions and its starry-eyed romanticism for the 
cosmos. But he disliked the bureaucracy, and often butted heads with 
managers. “I have a personality that chafes at large institutions,” he says. 

Malin ran up against similar constraints at Arizona State University, 
which he joined in 1979. He thrived as a researcher, making a name 
through his geological studies in Antarctica — an analogue for Mars. But 

he grew to hate the committees and collaborations 
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television. They ate from trays in front of the television, Malin sitting 
in the chair and Christensen on the floor. “It never occurred to him to 
have more than one chair in his living room,” he says. And even though 
Malin now lives alone in the up-market coastal community of La Jolla, 
California, he doesn’t bother going to the beach. 

In the mid-1980s, NASA began talking about a flagship Mars mission, 
the first since Viking, to be called Mars Observer. The many instru- 
ments on the orbiter — radiometers, spectrometers and laser altim- 
eters — were expected to revolutionize the study of the planet's surface, 
atmosphere and magnetic fields. Strangely, Malin’s call for an optical 
imaging camera drew little support. Few, he says, saw a need for map- 
ping at a resolution sharper than the average of 50 metres per pixel that 
the Viking orbiters achieved. “There was this idea that we had mapped 
Mars with Viking, and there was no need to map it further, he says. 

But based on his fieldwork on Earth, Malin was convinced that greater 
visual detail would reveal the processes that played a part in shaping 
the surface. It was only after a last-minute intervention from NASA 
headquarters that Malin was given a contract to build and operate the 
Mars Orbiter Camera (MOC). 

But where was he actually going to build it? The answer came in 1987, 
when Malin won a MacArthur ‘genius’ award and used the $250,000 
prize as seed money to found MSSS. There he developed a camera 
design for Mars Orbiter whose innovations would be copied on many 
subsequent missions. 

Up to that point, Viking and other planetary missions had used 
framing cameras, which worked in the conventional way: a shutter 
opened and allowed light to hit an array of sensors. But Malin designed 
what is known as a push-broom camera. It had a permanently open 
aperture that funnelled light to a single line of charge-coupled devices 
(CCDs), at the time a new technology. 

The continuous movement of the orbiting spacecraft provided the 
second dimension. Each time that data were read out from the line of 
CCDs, the spacecraft had moved forward a bit; an image was thus built 
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up over time, one line at a time. This design eliminated the need for any 
moving parts, such as shutters, in the camera — always a liability ona 
space mission — and allowed resolutions as good as 1.5 metres per pixel. 

Before the camera could prove itself, though, the mission came to an 
abrupt end. Just a few days before Mars Observer was supposed to enter 
Martian orbit in August 1993, a fuel line ruptured and the craft flew off 
into space. Malin suddenly had to lay off half the employees in his fledg- 
ling business. But he soon earned a second chance. A replica of the MOC 
became the centrepiece of the 1996 Mars Global Surveyor mission, which 
entered Mars orbit in 1998. Andas he prepared for the deluge of data that 
would come from the camera, the famously individualistic Malin realized 
that he would need a scientific sidekick. 

He found one in Ken Edgett, who was just finishing his PhD under 
Christensen at Arizona State University. Today, Edgett works in an office 
near Malin’s second-floor library. A large, laid-back man, he slouches in 
his office chair with his shirt untucked. At the mention of a particular 
Mars image, he leans into his workstation and types inan MOC number: 
FHA- 1858. “I know this one by heart,’ he says. 

That image changed everything in Mars science, Edgett says. It 
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FOCUS ON MARS 


Michael Malin and his company, Malin Space Science 
Systems (MSSS), have built cameras for nearly all missions 
to Mars since the Viking programme in the 1970s. 


FEBRUARY 2000 


APRIL 2001 

Mars Odyssey launches, 
carrying the MSSS-built visible 
imager, part of a dual camera 
that captures both thermal 
and visible wavelengths. 


A MOC image of 
the south polar 
region reveals pits 
and other signs of 
erosion in the 
frozen carbon 
dioxide ice cap. 
The Swiss-cheese 
pattern indicates 
that Mars is 
undergoing climate 
change. 


NOVEMBER 1996 

The Mars Global Surveyor 
spacecraft takes off with the Mars 
Orbiter Camera (MOC), a near 
clone of the imager on the failed 
Mars Observer. MOC operated 
from 1997 to 2006, taking more 
than 240,000 images. 


Y 


SEPTEMBER 1999 

The MOC discovers gullies 
on the wall of a crater, 
leading to the controversial 
suggestion that liquid water 
may still be active on Mars. 


MSSS (MOC); NASA/JPL-CALTECH/MSSS (MARS IMAGES); NASA/JPL/ARIZONA STATE UNIV. (IMAGER) 


MARCH 1999 

The MOC discovers layered 
deposits at Candor Chasma, 
suggesting that sedimentary 
processes were important in 
shaping the Martian surface. 


showed a region, called Candor Chasma, that had been carved into 
notched canyons and ziggurat-like steps’ (see ‘Focus on Mars’). The ter- 
racing had an enormous implication: these were once layers of sediment, 
probably laid down by water. And to get so many layers, water must 
have been at work for millions of years. It was the first solid evidence of 
a water-sculpted Mars. 

The picture soon ended up on the cover of Science. It was one of four 
such covers for Malin and the MOC team, highlighting papers that 
touched on everything from the possibility of near-surface water flow- 
ing in large gullies today’, to the ever-changing Swiss cheese of frozen 
carbon dioxide at the poles that indicates ongoing climate change’. The 
MOC images also revealed the substantial sedimentary layering within 
a mysterious mound at the centre of the 154-kilometre-wide Gale crater 
— evidence that would eventually lead researchers to choose that site as 
the target for the Curiosity rover. 

All those discoveries vindicated Malin, and his long push to get 
something like the MOC to fly. “It really changed our views of the 
planet,’ says Jim Bell, a geologist at Arizona State University who is the 
principal investigator for the cameras on Spirit and Opportunity, small 
rovers that landed on Mars in 2004. “It set the tone and the goals for the 
Mars programme that we're still pursuing today.” 

Not that Malin sought the limelight or found comfort in the recogni- 
tion. He had to be dragged to press conferences, and cajoled into releasing 
data and writing up papers. He also demanded an unusual amount of 
control. With the MOC, Malin and Edgett personally chose the targets 
for nearly half of the 243,227 images it took. Because the MOC swivelled 
independently, the two researchers did not have to worry about any other 
instrument on the Mars Global Surveyor spacecraft. But on Curiosity, 
Malin’s mast cameras will serve as the eyes for the other instruments. 
He will have to balance pursuing his own scientific goals with doing the 
reconnaissance needed to guide the sampling by the other instruments. 

Some are worried that Malin and Edgett will find it hard to defer to 
the needs of others. “These are guys who like to do it their way,” says 
Christensen. “They're not necessarily team players.” 

The members of Curiosity’s science team will need to work together 
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if they are to crack the mystery at the centre of the Gale crater: a 5-kilo- 
metre-tall mountain of stacked sediments that reaches above the crater’s 
rim. At some point, a massive amount of material must have filled the 
crater and buried it completely. Then erosive forces must have stripped 
most of the sediment away, leaving only the mound behind. 

Curiosity is supposed to find out how sediment got into the hole, 
and how it got out. The working hypothesis is water and wind, acting 
over immense stretches of time. Researchers judge that the oldest sedi- 
ments at the bottom were deposited 3.8 billion years ago, when Mars was 
thought to be warm and wet, and that the rock at the top of the mound 
represents a vastly different era some 200 million to 300 million years 
later, when Mars was growing colder and dryer’. 

As it climbs upwards from the bottom of the mound, the rover will 
provide geologists with an unparallelled opportunity to study Martian 
history up close. By comparison, the Opportunity rover has traversed 
just 100 metres of strata in its nearly six years of exploration, according 
to John Grotzinger, Curiosity’s project scientist at Caltech. “That is the 
gift of Gale,” he says. “You know you're going to get a walk through time.” 

Although no one is willing to admit it, all on the team secretly hope 
that the rover, lasting a decade or more with its nuclear power source, 
could somehow make it to the top. A panoramic image taken from 
that vantage would surely be one for the ages — and yet it would be a 
bittersweet achievement for the man whose cameras would capture it. 
For although almost all the instruments on Curiosity are big steps up 
in capability from the sensors on Spirit and Opportunity, the Mastcams 
offer only an incremental improvement. That is not the way Malin had 
wanted the story to go. 


LOST FOCUS 
Mike Ravine enters a storage room at the MSSS offices, flicks on the 
lights and considers two plastic boxes. He unlocks them and opens their 
lids — but does not touch the cameras inside, “The only time I’ve ever 
not delivered something was that,’ he says, stabbing his finger at the 
cameras. “It’s disturbing to have been so close.” 

The advanced-projects manager at MSSS, Ravine is another employee 
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AUGUST 2005 

The Mars Reconnaissance 
Orbiter spacecraft launches 
with the MSSS-built Context 
Camera, a wide-angle imager 
that has mapped more than 
two-thirds of the planet at a 
resolution of 6 metres per pixel. 


cut from the Malin cloth: clever, driven and a bit combustible. As well as 
working for MSSS, Ravine has launched an Internet start-up company, 
produced a movie and cultivated Hollywood contacts including the direc- 
tor James Cameron, whom he convinced to join the Curiosity camera 
team. They planned to develop twin ‘zoom cameras, which could switch 
rapidly between wide-angle panoramas and narrow, high-resolution 
close-ups. With high-definition and near-video capabilities on the cam- 
eras, Cameron would make three-dimensional movies for the public. 

But with Curiosity running over budget in 2007, NASA demanded 
that the mission trim $39 million from its instrument packages. The 
zoom cams had to be scrapped, even though Malin says that they were 
neither over budget nor behind schedule. Malin’s team quickly designed 
two cheaper, fixed-focus cameras instead, one with a wide field of view, 
and one a narrow. 

Ravine had one last chance to rescue the zoom cams when problems 
with the rover’s motors forced NASA to delay the mission's launch from 
2009 to 2011. He and Cameron flew to Washington to see NASA admin- 
istrator Charles Bolden and convinced him to put the zooms back. 

But by then, time was too short. There were problems with the 
alignment of the lenses and Malin’s team could not fix them quickly 
enough. In March 2011, with most of the rover assembled and ready to 
go, NASA ordered the conventional cameras to be put on. Malin is still 
full of regret. He wonders how it would have gone had his team been 
able to work on the zoom cams all along. “They should never have been 
de-scoped,” he says. 

In February, just a few weeks before NASA shelved the zoom 
cameras for good, Malin had a heart attack. He’d already had one, two 
decades ago, and a stroke six years ago. But neither deterred him from 
long days and nights of work. 

This time was different. Malin needed a quadruple bypass. As he 
recovered from surgery, his absence at the office was palpable. His 
employees — the closest thing Malin has to a family — wondered about 
their future. 

Six months later, Malin is back, tethered to an iPhone that reminds 
him to take his medicine. Doctors have told him to curtail his workaholic 
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DECEMBER 2008 

A second MSSS-built camera 
on the Mars Reconnaissance 
Orbiter, the Mars Color Imager, 
has monitored planet-wide 
weather patterns and captured 
the thick churning clouds of 
dust that sometimes rise out 
of canyons. 


0099/08 


JULY 2011 

NASA selects the Gale crater as the landing 
site for the Mars Science Laboratory mission. 
The 5-kilometre-deep impact scar has a 
central mound of layered sediments that 
reaches above the crater rim. 


VA 
“4 


NOVEMBER 2011 

The Mars Science 
Laboratory mission is 
scheduled to launch, 
carrying the rover 
Curiosity with three 
cameras built by MSSS. 


hours. But on this September day at the office, Malin is as intense as ever. 
He enters an empty, cavernous room about the size of a basketball court, 
and offers a glimpse of his vision for the future of Mars exploration. 


MARS ON EARTH 

“As a kid I thought I'd be the first person on Mars,” he says. “That ain't 
gonna happen.” Instead, he wants to bring Mars to Earth, or at least to 
use his cameras to give people a feel for the richness of another world. 
Malin paces off a circle in his empty room, winking at an imaginary 
point in the centre to mimic the snapshots he would like his Mastcams 
to take on Mars. In this painstaking way, he would build a three-dimen- 
sional data set of a rock or other object of interest to scientists. Then, 
with the help ofa virtual-reality helmet, Malin could recreate the view 
back in this room in San Diego. Geologists could peer in close, look 
behind a rock, or even explore it virtually using the rover’s arm. And, 
ever the business man, Malin says that people might pay for the virtual 
trip to Gale crater. “Basically, youd walk around — and youd be on 
Mars!” he says. 

Malin has told some of his colleagues about the idea. Although they’ve 
offered murmurs of support, he knows that it will be up to him to make 
things happen. It will certainly be tougher without the zoom cameras 
or the full support of an Oscar-winning director. But never count Malin 
out. It took him years to convince his colleagues of the importance of 
a sedimentary Mars — and now theyre sending a multibillion-dollar 
rover to the largest mound of stacked sediment in the Solar System. 

Standing in the vacant room, Malin surveys the space. But you 
know that, in his mind, it’s already a Martian landscape. “It's not real to 
people because they don't see it?’ he says. “I'm going to make it real” = 
SEE EDITORIAL P.446 


Eric Hand covers physical sciences for Nature in Washington DC. 
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Spring 


As the country struggles to 
refashion its government, 
Omes O archaeologists are looking 
warily towards the future. 
@ 
nasecluded stretch of desert about 300 kilometres south of Cairo, 
hundreds of bodies lie buried in the sand. Wrapped in linen and 
rolled up in stiff mats made of sticks, they are little more than bones. 


But their ornate plaited hair styles and simple personal possessions 
help to reveal details about the individuals in each grave. The bodies date 
from around 3,300 years ago, when the Pharaoh Akhenaten renounced 


Egypt's traditional polytheistic religion and moved his capital to remote 
Amarna, to worship just one god: the Sun disc Aten. 

The cemetery offers a window on a unique episode in Egyptian 
history, a revolution that some see as the birth of monotheism. Barry 


Kemp, an archaeologist at the University of Cambridge, UK, and direc- 
tor of the Amarna Project, has been working with his colleagues to exca- 
vate the skeletons, and says that they are starting to reveal “an alarming 
picture of a stressful life’. Many Amarnans 

BY JO MARCHANT died young, with retarded growth and signs _ The Egyptian Museum in 
of multiple injuries. Some young menhad_ Cairo had to be guarded 
marks where their shoulder bladeshad been __ from looters during civil 
pierced, perhaps as part of a brutal ritual. unrest in January. 


T. TODRAS-WHITEHILL/AP 
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Kemp can't say much more about the skeletons because he had to flee 
the site in January, putting his team on flights out of the country and 
walling up his storehouses as a present-day revolution sent the country 
into chaos (see ‘Archaeology in turmoil’). Although the situation soon 
calmed — in fact, Amarna did not suffer a single episode of looting — 
Kemp has spent months waiting for permission to resume excavations. 
Other teams working in the country tell a similar story. “We've lost a 
year,” says Frank Ruhli, a palaeopathologist from the Centre for Evo- 
lutionary Medicine at the University of Zurich, Switzerland, who was 
scheduled to start work in February on human remains at the pyramids 
of Saqqara, near Cairo, and in the Valley of the Kings near Luxor. 

The block on excavations has been the latest in a series of obstacles 
for archaeologists working in Egypt — the home of perhaps one-third 
of the world’s antiquities, which reveal a vanished culture in unmatched 
detail (see ‘New research in an ancient land’). 

Egyptian officials have said that their reluctance to allow work to 
restart stems from security concerns; they are now starting to grant 
permits for excavations. But a broader problem is that Egypt's Supreme 
Council of Antiquities (SCA), which coordinates all conservation and 
excavation activities in the country, has been mostly paralysed since the 
departure of its charismatic but controversial leader, Zahi Hawass. An 
ally of Egypt's deposed president, Hosni Mubarak, Hawass was forced 
to leave office in July. Since then, the agency has gained and lost three 
heads in quick succession, with the latest secretary-general, Mustafa 
Amin, appointed at the start of October. 

The uncertainty dashed hopes of a swift return to normality for 
archaeological research, and unrest this week adds new concerns. 
“Everything is up in the air,’ said Kim Duistermaat, director of the 
Netherlands—Flemish Institute in Cairo, last month. As Egypt struggles 
to determine its future without Mubarak, archaeologists are wondering 
what their field might look like without Hawass. 


RISE OF THE PHARAOH 

The antiquities service was set up in 1858 to stem a different kind of 
chaos: the loss of artefacts. Early Egyptologists were little more than treas- 
ure hunters, who carted off everything from jewellery to entire monu- 
ments. Now, the SCA conducts its own excavations and approves and 
supervises foreign archaeological missions, as well as conserving and 
managing the country’s wealth of antiquities and archaeological sites. 

The service was initially led by French scholars, and did not have 
an Egyptian head until the 1950s. After becoming secretary-general 
of the SCA in 2002, Hawass catapulted what had been a fairly anony- 
mous position into the limelight. He mixed with celebrities from Diana, 
Princess of Wales, to US President Barack Obama; fronted big-budget 
television documentaries; and even starred in his own reality show, 
Chasing Mummies. The image of Hawass enthusiastically unearthing 
treasures in his Indiana Jones-style hat became a familiar sight, and it 
gave Egyptology its first Egyptian face. 

Even as he raised his own profile, Hawass did the same for archaeol- 
ogy in Egypt. His efforts attracted tourists and raised millions of dollars 
from international touring exhibitions of Tutankhamun’s treasures. He 
fought hard — some felt too hard — for repatriation of artefacts, and 
pushed for Egyptian teams to conduct high-profile science (see Nature 
472, 404-406; 2011). He raised money for state-of-the-art facilities in 
Egypt, notably persuading National Geographic in Washington DC 
to donate a US$3-million scanner to the SCA in return for filming a 
project to scan Tutankhamun and other royal mummies; US broad- 
caster the Discovery Channel built two ancient-DNA labs in Cairo 
and donated $250,000 towards testing the mummies’ DNA. Hawass 
also tackled corruption and supported projects to develop archaeo- 
logical sites, including building a suite of museums and dealing with 
rising groundwater that is threatening to damage 


sites across the country, including Giza’s famous NATURE.COM 

pyramids. For more on Egyptian 
But critics claim that Hawass hada darker side: archaeology, visit: 

that as the years went on, he exerted excessive — go.nature.com/jachks 
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Demonstrators targeted 
the Supreme Council of 
Antiquities headquarters. 
Looters stole objects from 
lay the Egyptian Museum. 
i Restoration work at the 


Djoser Step Pyramid was 
» halted. 


Mediterranean Sea 


i, 


Reports of illegal 
excavations. 


Researchers are now aqqara @ 
restarting work to dig up 
hundreds of bodies from 
3,300 years ago. 


Site damaged by illegal I 
excavations. 


Egypt halted work at the 
Avenue of the Sphinxes. 


| Looters attempted to 
steal a statue of 
Ramesses Il. 


Archaeology in turmoil 


Researchers in Egypt are trying to resume work at excavations that were shut 
down during the revolution in January. Looting and illegal building have plagued 
many important sites. 


control and sought mainly to boost his own fame at the expense of other 
researchers and of high-quality science. Under Hawass, they complain, 
archaeologists were prevented from announcing their own discover- 
ies. “This focus on him was something that really bothered people,” 
says Duistermaat. “Even for foreign missions, you had to wait, even for 
weeks, until Zahi would come down and ‘excavate it” 

Many archaeologists working in Egypt are reluctant to speak about 
Hawass on the record out of fear that he could regain influence in the 
country. But in private, several researchers say that Hawass was intolerant 
of opposition and blocked excavation permits to those who published 
results or theories that clashed with his own. Megan Rowland of the 
University of Cambridge, who has just completed a master’s of philoso- 
phy degree on the political significance of Egypt's antiquities during the 
revolution, says that researchers who crossed Hawass became targets of 
intense criticism or had their permits revoked. 

“Egyptological research is subject to very heavy censorship,’ she 
argues. In media interviews over the years, Hawass has accused sev- 
eral well known archaeologists of smuggling, scientific fraud or other 
improprieties. One researcher targeted by Hawass was Joann Fletcher, 
an Egyptologist from the University of York, UK. In a 2003 television 
documentary she suggested that a particular mummy was Queen 
Nefertiti, wife of Akhenaten — a finding that Hawass says he did not 
vet, and which was at odds with his own ideas. 

Hawass told the Australian television programme 60 Minutes, “It 
is clear [Fletcher] made all this up because she wants to be famous.” 
Fletcher was temporarily blocked from excavating in Egypt. She chal- 
lenges Hawass'’s account and maintains that she did not break any rules. 

Researchers also face restrictions when they seek to analyse arte- 
facts. Despite Hawass’s efforts, Egypt still has only limited capacity for 
sophisticated testing, such as carbon-14 dating and DNA analysis. But 
it is illegal to remove any archaeological artefact — even mud or pol- 
len samples — from the country for analysis. Although some see this 
as an understandable response to the history of artefacts being illicitly 
exported, others complain that it is devastating for archaeological sci- 
ence. “This is what makes us look like fools at international conferences,” 
says one researcher, based in Cairo, who does not wish to be named. 

Just a year ago, it seemed impossible to imagine any change in this 
situation. The position of SCA secretary-general has traditionally been 
temporary, held for just two to three years. But Hawass had the support 
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Protesters filled Tahrir Square in Cairo, near the Egyptian Museum (left), during the revolution, and the antiquities council lost its leader, Zahi Hawass (right). 


of Mubarak, who extended his appointment. 

The revolution changed all that. Hawass’s hold on power started to slip 
when he denied, incorrectly, that any objects were missing after Cairo’s 
Egyptian Museum was looted on 28 January. It was further eroded 
when he underestimated the extent of looting at important sites, despite 
reports that it was severe, and repeatedly voiced support for Mubarak. 
When Mubarak fell, Hawass’s days were numbered. After resigning and 
being reappointed in March, Hawass finally left office in July. 

He has barely appeared in public since, and has been under 
investigation by the Office of the Attorney General for a range of alleged 
offenses including stealing artefacts and diverting money froma tour- 
ing Tutankhamun exhibition to a private charity owned by Mubarak’s 
wife, Suzanne. “It’s laughable,” says Salima Ikram, an Egyptologist at the 
American University in Cairo, who has worked in Egypt for 18 years. 
“Zahi would never steal antiquities.” 

Today, Egypt's most famous archaeologist can be found tucked away 
on the ninth floor of a faded apartment block in the Mohandessin 
district of Cairo. Forbidden to leave Egypt while the investigation is 
ongoing, Hawass spends his days writing books in this modest office, 
surrounded by trophies, medals and photos of himself with celebri- 
ties. When Nature visits, he is charming and full of energy, bouncing 
up from his desk every few minutes to locate objects that will illustrate 
a point: his sweat-stained hat; his handwritten manuscripts; and a tall 
pile of stuffed envelopes that he says will prove his innocence in the 
attorney-general’s investigation. 

Hawass denies having close ties to Mubarak and calls the charges 
against him “ridiculous and untrue”. Almost all of them have been 
dismissed, and the rest will soon be resolved, he says. Regarding his 
leadership style and appearances on television, Hawass says that it was 
important for him to maintain a high profile “to Egyptianize Egyptian 
antiquities”. He denies taking credit for others’ discoveries, arguing that 
he was required to scrutinize all results before they were announced to 
the media, to prevent unscrupulous archaeologists from making false 
claims. “Many people announce wrong information to get money,’ he 
says. He acknowledges that people have been banned from working in 
Egypt, but says that such decisions were made by a 60-person committee 
of the SCA and the sanctions were imposed only when researchers did 
not have proper credentials or broke SCA rules, such as announcing 
findings without approval. 

Rather than harming Egyptian science, Hawass says that he raised 
standards, cleaned up corruption and trained a new generation of 
researchers. Hawass sees his work — and his ability to extract money 
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from foreign television companies — as a high-profile success for 
Egyptian Egyptology. “I'm very proud of the results,” he says, describing 
the paper reporting DNA analysis of Tutankhamun (Z. Hawass et al. 
J. Am. Med. Assoc. 303, 638-647; 2010) as “an incredible article”. High- 
profile projects like that, he says, help to “raise the global interest in 
Egyptology”. 

But foreign researchers have criticized the studies, complaining 
that raw data were not shared, making it impossible for them to assess 
the quality of — let alone repeat — the work. Some complain that the 
research was carried out purely for television audiences, whereas less 
glamorous projects might have had greater scientific value. 


BACK TO BUSINESS 
Love him or hate him, Hawass’s departure has unnerved Egyptologists. 
Asked what they’re hoping for from his successor, many researchers 
say that they want more open discussion of ideas, more sharing of data 
and collaborations between Egyptian and foreign teams. 
But first, the SCA needs to get back on its feet. Researchers had 
hoped to resume work as soon as the security situation calmed. But the 
agency has been dogged by protests since the 


revolution, and Hawass’s departure left it in 

In Octob il _ chaos. None of his ena at the SCA has 
the antiquities yet managed to last more than two months, 
agency ’s and researchers say that progress has stalled. 
“This is the first time in the course of five 

headquarters administrators I’ve lived through as an adult 
was a hive of Egyptologist that it can’t function,’ Ikram said 
inactivity. last month. As researchers waited through the 


summer, permits were left unsigned and deci- 
sions unmade. When Nature visited in Octo- 
ber, the agency’s headquarters in Zamalek, Cairo, was a hive of inactivity, 
with dozens of men milling around its halls and the waiting room filled 
with bored employees watching the clock until it was time to go home. 
“We've been sitting here for six months,’ said one, clearly frustrated. 
Everyone now hopes that Amin, the SCA’s latest secretary-general, can 
get things started again. He holds a PhD in Islamic antiquities, and was 
previously head of the SCA’ Islamic and Coptic department. Researchers 
say itis too early to comment on his leadership style, but because he does 
not specialize in Egyptology, it seems unlikely that he will share Hawass’s 
one-man approach — or front documentaries about the pharaohs. 
“He'll need people beside him,’ says Atef Abu El-Dahab, the affable 
head of the SCA’s Egyptian antiquities sector. “First of all, me” 
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Despite problems that have plagued 
Egyptology in recent years, the country 
continues to attract foreign researchers 
because of its special attributes. “Egypt is 
one of the few countries that maintained 

its borders and culture for 3,000 years,” 
says Salima Ikram, an Egyptologist at the 
American University in Cairo. “It’s unique in 
its historic and cultural span.” 

Key research areas include the origins of 
the country’s civilization, how Egyptian society 
stayed stable for so long and the influence of 
climate change. Chris Naunton, director of the 
Egypt Exploration Society (EES) in London, 


BURIED TREASURE 


New research in an ancient land 


interested in “settlement archaeology” and 
how people used the land. One project, led by 
David Jeffreys, an archaeologist at University 
College London, is looking at how the path of 
the Nile river has shifted over time. 
Techniques such as DNA analysis are 
encouraging archaeologists to focus 
on human remains, which can provide 
information about everything from hairstyles 
to the evolution of disease. Ikram is 
collaborating with David Lambert, a biologist 
at Griffith University in Brisbane, Australia, 
to extract DNA from mummies of ibises — 
sacred birds in ancient Egypt — to study 
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can be cross-referenced with 
archaeological finds, and a 

dry climate that beautifully 
preserves organic materials. 
André Veldmeijer, assistant 
director of the Netherlands— 
Flemish Institute in Cairo, is 
studying leather trappings from 
a chariot, rediscovered last year 
in the Egyptian Museum in 
Cairo (right). The find includes 
harnesses, gauntlets and a 

bow case, complete with wear 
marks and an elaborate red- 


says that rather than studying “old fashioned” 
tombs and temples, the EES is increasingly 


Amin has some huge problems to address before even thinking about 
boosting the quality of research. His first priority is the security of 
Egypt's sites and museums. Some looting is still going on, and the full 
extent of the losses isn’t known, says Tarek El Awady, director of the 
Egyptian Museum in Cairo. “We're still waiting for the inventories,” 
he notes. But the most serious challenge is illegal building, with locals 
trying to claim archaeological land at several sites. 

El Awady says the underlying issue is that local people don’t appreci- 
ate the importance of the country’s archaeological heritage. Rowland 
blames this alienation on the Mubarak regime’s “highly politicized 
approach to heritage management”. She argues that Hawass had abso- 
lute power and focused on foreign audiences, which left local people 
with no sense of ownership of their own antiquities. 

But El Awady defends his former boss. “He played an important role 
in increasing people’s knowledge of Egyptian heritage,” he says. Still, he 
adds, the looting shows the importance of “building bridges between 
museums, sites and local communities”. 


LOST MILLIONS 

The second major problem facing Amin is funding. The SCA had a 
healthy income during Hawass’ tenure, but the coffers are now empty, 
despite the extra millions of dollars that should have come in from the 
travelling exhibitions. “We have no money,” confirms El-Dahab. He 
says that all conservation and excavation projects have been halted, 
and the agency is now borrowing millions of dollars from banks and 
the government just to pay salaries. 

There is no shortage of conspiracy theories as to what might have 
happened to the cash, but El-Dahab says that it has gone to the many 
projects that Hawass championed, including the construction of 22 
local museums, conservation and restoration work at important sites, 
and his efforts to deal with rising groundwater. 

Hawass denies any impropriety and defends his record. “I spent 1 bil- 
lion Egyptian pounds [US$167 million] a year” in support of Egyptian 
archaeology, he says proudly. He adds that he had planned to bring in 
more funds through tourism and travelling exhibitions, and blames the 
political situation — which has drastically cut the number of foreign 
visitors — for the SCA’s financial crisis. 

To make matters worse, many of the agency's employees have been 
angrily protesting since the revolution for better pay and conditions, 
blockading SCA buildings and obstructing tourists. The agency has a 
huge staff — a spokesperson refused to even guess how many, but Egyp- 
tologists estimate that there are perhaps 40,000 permanent employees 


rates of mutation over time. 
The country has a wealth of texts that 


and-green design, still bright after 
3,000 years. J.M. 


and another 15,000 or so on temporary contracts. But the SCA doesnt 
have the money to pay them, or enough work for them all to do. El Awady 
says that a large proportion of SCA staff should be let go: “We don't need 
all these workers.” 

However, it seems certain that there will not be large numbers of 
layoffs. The protesters forced out Amin’s three predecessors, and Amin 
will need to keep employees on his side. He is now negotiating with 
the government for the funds to provide them all with permanent 
contracts. Amin also announced in October that he will carry outa 
comprehensive inventory of all SCA-owned land, selling or leasing any 
areas declared free of monuments and artefacts in order to raise money. 

He promises to revive restoration work at the pyramid of Djoser, 
Egypt’s oldest surviving stone building, and other major projects — 
if the government gives him the money. Meanwhile, permissions for 
foreign research are starting to come through. Kemp's group finally 
returned to the field earlier this month. 

Ultimately, however, the future of archaeology in Egypt depends 
not just on Amin, but on the outcome of Egypt’s first democratic elec- 
tions in decades, scheduled to begin on 28 November. Researchers are 
wondering whether the new political regime will take a nationalistic 
approach that favours Egyptian researchers, or become more open to 
foreign researchers and international collaborations. 

And there is one more move that the new government could make. 
Egypt is reliant on funds from the millions of tourists who come to see 
its antiquities each year, and although visitor numbers have picked up 
slightly since the revolution, they are still low. El-Dahab says that the 
number of tourists visiting the country in September 2011 was only 
one-quarter of what would normally be expected. 

If there was one thing that Hawass was good at, it was bringing in 
tourists, keen to visit after watching his exploits on television, or mar- 
velling at Tutankhamun’s travelling treasures. So it is not inconceivable 
that a new leader might yet invite the charismatic archaeologist back 
to the SCA. 

Hawass has previously denied any interest in returning to his old job, 
but now seems to be repositioning himself. “I'm sorry to say it, but ’m 
the only one who can bring the tourists back,” he told Nature. So would 
he offer his services, if asked? “I will never come back unless there is a 
stable government, he says. If the upcoming elections can deliver that, 
the man in the hat might yet rise again. m SEE EDITORIAL P.445 


Jo Marchant is author of Decoding the Heavens: Solving the Mystery 
of the World’s First Computer (William Heinemann, 2008). 


24 NOVEMBER 2011 | VOL 479 | NATURE | 467 


© 2011 Macmillan Publishers Limited. All rights reserved 


A. J. VELDMEIJER/E. ENDENBURG/SCA/EGYPTIAN MUS. AUTHORITIES 


A. JAMAL/WFP 


COMMENT 


African farms The beautiful Tiny is terrifying in Damming 
need a genetic m mind of screen goddess Michael Crichton’s last the Mekong could damage 
revolution p.471 \ Hedy Lamarr p.474 thriller p.476 public health p.478 


The World Food Programme encourages local, innovative food solutions, such as Wawa Mum, a fortified chickpea paste developed and produced in Pakistan. 


Preventing hunger: 
Sustainability not aid 


Fifty years after its founding, UN World Food Programme head Josette Sheeran explains 
why the agency is now focusing on projects that help communities weather food crises. 


ever before has food been so abun- 

| \ | dant. Global agriculture produces 
an estimated 17% more calories 

per person than it did 30 years ago, despite 
a population increase of more than 50%. 
Yet each morning, nearly 1 billion people 
wake up hungry, most of them women and 
children. Although gains have been made 
in reducing the global population of those 


undernourished — from about 26% in 1971 
to 13% in 2008 — the current global eco- 
nomic crisis has pushed millions more into 
poverty and swelled the ranks of the hungry. 

Fifty years ago, in December 1961, the 
General Assembly of the United Nations 
approved a resolution that established the 
World Food Programme (WFP). It was 
given the goal of saving lives and livelihoods 


— bringing food from lands of plenty in the 
post-war years to those in need. Within a 
year of its founding, the WFP would under- 
take three major operations — supplying 
food for survivors of the disastrous 1962 
earthquake in Iran, victims of a typhoon in 
Thailand and refugees returning to newly 
independent Algeria. Since then, the WFP 
has continued to respond to emergencies 
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> around the globe and is now recognized 
as the world’s largest humanitarian organi- 
zation. Last year alone, it brought food and 
nutrition support to more than 109 million 
hungry people in 75 countries. 

Food aid has saved millions of lives, but 
it cannot, by itself, solve hunger. This is 
why, over the past few years, the WFP has 
been undergoing one of the most profound 
transformations in its history, as it moves 
from a food-aid agency to one that helps 
individuals, communities and nations to 
build sustainable food security. In this way 
its response is smarter, more targeted, and 
it is able to help the most vulnerable people 
prepare to withstand shocks — whether 
from natural disaster, economic crises or 
food price volatility. 

Just as the WFP has evolved since its 
founding, so too has the environment in 
which it operates. The difficulties of ensur- 
ing access to nutritious food for the most 
vulnerable people have been compounded 
bya convergence of global trends: continued 
food price volatility; an increase in the num- 
ber and intensity of weather-related disasters; 
and an escalation of ongoing conflicts. 


ROOT CAUSES 

In 2007 and 2008, when global food and fuel 
prices skyrocketed and sparked food riots in 
35 countries, more than 115 million people 
were added to the ranks of the hungry. Food 
prices are again surging on global markets. 
The World Bank estimates that as a result of 
these price rises, another 44 million people 
were pushed into extreme poverty between 
June 2010 and February 2011. It is those 
who are extremely poor and vulnerable who 
suffer the most — women and girls often have 
disproportionately less food during economic 
shocks. Families are forced to sacrifice tomor- 
row for today — eating income-producing 
livestock, putting schoolchildren to work 
and switching from more expensive, nutri- 
tious food to cheaper staples. 

Climatic changes have increased both the 
frequency and the intensity of natural dis- 
asters. Floods and droughts that were once 
occasional have now become epic and more 
regular. The 2011 drought in the Horn of 
Africa was declared the worst in 60 years. 
The 2010 monsoon floods in Pakistan were 
the worst in the country’s recorded history. 

And escalating conflict and political 
instability have plunged millions around the 
world into food insecurity. Nowhere have 
we seen this play out more dramatically than 
in the Horn of Africa, where Somalis have 
endured two decades of civil war and two 
consecutive seasons of failed rains. Now, after 
their livestock and crops have died, they are 
faced with the terrible choice left to people 
without food: migrate or die. 

Make no mistake; this is not the failure 
of aid — but the lack of access to aid. 
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Although we cannot prevent drought, we 
can prevent famine. There are hopeful signs 
that outside Somalia, where those in con- 
trol have blocked humanitarian assistance, 
the drought’s impact has been blunted by 
advance preparation and putting in place 
programmes that help the most vulnerable 

populations to better weather such crises. 
Through the Managing Environmental 
Resources to Enable Transitions to More Sus- 
tainable Livelihoods (MERET) programme, 
the WEP has been supporting the Ethiopian 
government in sustainable land manage- 
ment and rain catchment, which has vastly 
increased food production and mitigated the 
impact of the drought. In the dry Karamoja 
region in Uganda, local communities have 
established a system of communal food stocks 
that are replenished at harvest time, enabling 
them to cope with periods of food insecurity. 
The WFP is working with countries across 
the globe at the grass-roots level to develop — 
and scale up — innovative ideas and tools to 
transform the fight against hunger. In Cam- 
eroon, for example, where about 2.8 million 
people are food insecure and the lean season 
in the north of the country lasts an average 
of three to four months, every year can bea 
crisis for the most vulnerable people. To help 
break the boom-and-bust cycles of hunger, 
the WFP provides a 


“Since its one-time donation of 
founding, the — 10 tonnes of cereal for 
World Food each community gra- 
Programme _ naryand helps to train 
has worked farmers in food-storage 
itself out management and finan- 
ofa job in cial accounting. Com- 
morethan5Q munity members can 
countries.” withdraw stocks from 


the granary during the 
lean season, and later replenish from their 
own crops during harvest, paying little inter- 
est. The steering committee for each granary 
uses the revenue collected from interest and 
sales of commodities to reconstitute stocks 
and ensure the village's access to affordable 
food all year round. 

Working with food technologists, we are 
deploying products such as Wawa Mum. 
This highly fortified chickpea paste, devel- 
oped and produced in Pakistan, requires 
no water or cooking, and contains essential 
micronutrients for young children, who suf- 
fer irreversible damage to their minds and 
bodies if they dont receive sufficient nutri- 
tion in the first 1,000 days of life — from 
conception until they are 24 months old. 

The WFP isalso using technology to reach 
the most vulnerable people and support 
local economies, through ‘digital food’ such 
as electronic vouchers delivered to mobile 
phones. In the Palestinian territories, for 
example, beneficiaries are able to use an 
electronic swipe card to purchase nutritious 
food at local markets. All the products in 
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the programme, such as milk, yogurt and 
cheese, are produced locally. 

These WFP programmes are fundamen- 
tally different from food aid that is often 
brought from the outside. They enhance food 
security by ensuring that our responses are 
supporting local markets and farmers, and 
enabling residents to buy locally produced 
products that might otherwise be out of 
reach. Where the digital-food programme 
is in operation, local dairy farmers have 
increased production by 30%. Local shops 
have more customers and higher profits. And 
people can choose nutritious food for their 
families in a way that protects their dignity. 
Because of this innovative approach to pro- 
moting food security, the WFP is increasing 
cost-efficiency and enabling a better analysis 
of food consumption patterns in real time. 


THE TOOLS ARE AT HAND 

As these examples show, ending hunger does 
not require a major scientific breakthrough 
such as those that have graced the pages of 
this journal. Preventing the loss of a genera- 
tion of children due to malnutrition is, on one 
level, relatively simple: women and children 
need access to an adequate amount of nutri- 
tious food. For the first time in history we 
have the scientific knowledge, programmes, 
tools and policies to defeat hunger but we 
need global political will. It requires the com- 
mitment of national leaders to put in place the 
right policies and to declare that people will 
not starve under their watch. 

Former Brazilian President Luiz Inacio 
Lula da Silva made it clear that fighting hun- 
ger would be his top priority, stating in his 
inaugural address that “if at the end of my 
term every Brazilian person has three meals 
per day, I will have fulfilled my life’s mission”. 
Since 2003, the Fome Zero (Zero Hunger) 
programme, which focuses on access to food 
for the poorest and support for small-scale 
and family farmers, has helped to halve the 
proportion of hungry people in Brazil. The 
country was a WFP beneficiary in the 1990s 
— now it is our ninth-largest donor. 

Since its founding, the WFP has worked 
itself out of a job in more than 50 countries 
as nations take over programmes such as 
school feeding and other safety-net pro- 
jects — a testament to what can be achieved 
when national leaders, the private sector 
and civil society come together and collec- 
tively declare “not on our watch”. We may 
always need a WFP when unexpected dis- 
aster strikes. But 50 years from now it is my 
dream that no one will wake up hungry and 
every child will have sufficient nourishment 
to reach their potential. m 


Josette Sheeran is the executive director of 
the United Nations World Food Programme, 
00148 Rome, Italy. 


e-mail: wfpinfo@wfp.org 
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Planting crops that are drought resistant could enable farmers to use less water and fertilizer. 


Preventing hunger: 
Biotechnology is key 


If African countries can’t plant genetically modified 
crops to produce more and healthier food, vulnerable 
populations will be at risk, argues Calestous Juma. 


r | Yo survive the droughts, wars and other 
major causes of famine, Africa must 
embrace technologies that enable it to 

produce more, better food with less effort. 

Indeed, without the advances in molecu- 
lar biology and other scientific fields that 
occurred in the second half of the twentieth 
century, African nations would be much 
worse off than they are now. Without this 

Green Revolution, which enabled develop- 

ing nations to import cheaper grains and 

grow high-yield seed varieties, analysts 
estimate that crop yields in developing 
countries would have been 23.5% lower and 

prices between 35% and 66% higher in 2000. 

Caloric intake would have dropped by up to 

14.4%, and the proportion of malnourished 

children would have increased by nearly 

8%. Put another way, the Green Revolution 

helped to raise the nutritional status of up 

to 42 million preschool children in develop- 
ing countries (R. E. Evenson and D. Gollin 

Science 300, 758-762; 2003). 

These tools were a great help to African 
nations in the previous century, but they 
are not sufficient to help Africa’s agriculture 


survive what is coming: rising population 
and loss of productivity brought on by eco- 
logical disruptions such as environmental 
degradation and frequent droughts. 

To weather these changes, African nations 
must be open to new biotechnology tools 
that allow farmers to grow crops that have 
even higher yields and a higher nutritional 
content, and which can withstand biological 
and physical stresses. 

At present, only a few African countries are 
allowed to grow genetically modified (GM) 
crops, partly because of restrictive national 
biosafety policies that impose excessive regu- 
latory barriers to the adoption of agricultural 
biotechnology. This must change. 

For starters, African farmers need pest- 
resistant GM cotton, which is already being 
cultivated in South Africa and Burkina 
Faso. These crops do not raise food-safety 
concerns, but their higher yields bring more 
disposable income to farmers, who can use 
that money for food crops. More coun- 
tries should be planting herbicide-tolerant 
maize (corn), now in use in South Africa 
and Egypt, which reduces the need for 


weeding — a significant benefit for African 
farmers, mostly women, who spend nearly 
2,000 hours a year weeding a hectare of land. 

Future innovations could bring even more 
benefits to African countries. For example, 
the Bill & Melinda Gates Foundation of Seat- 
tle, Washington, is funding projects to pro- 
duce crops that carry drought-tolerant genes. 

Africa needs GM varieties of the black- 
eyed pea, a subspecies of the cowpea (Vigna 
unguiculata). The crop is often attacked 
by the insect Maruca vitrata, which causes 
US$300 million in losses annually to small- 
scale farmers in Africa. Their only means of 
controlling the disease is using expensive 
pesticides, which cost Nigeria an estimated 
$500 million a year. Their losses affect the 
world: the African continent currently pro- 
duces nearly 5.2 million tonnes of the bean, 
accounting for nearly 70% of global output. 
Scientists at the Institute for Agricultural 
Research at Ahmadu Bello University in 
Zaria, Nigeria, have developed a GM variety 
containing insecticide genes from the bacte- 
rium Bacillus thuringiensis that can help to 
control the disease. 


DISEASE RESISTANCE 

Africa would also benefit greatly from 
having other disease-resistant crops. 
Bananas, for example, are a staple in Uganda, 
where adults often eat three times their body 
weight in bananas annually. But the banana 
is threatened by a bacterial disease known 
as Xanthomonas wilt, which causes more 
than $500 million in crop losses annually. 
The disease also affects other African coun- 
tries in the Great Lakes region. There are no 
resistant varieties of banana and no ways of 
treating them chemically. Ugandan scien- 
tists are working on creating a GM banana 
using genes from sweet pepper (Capsicum 
annuum) that helps to control Xanthomonas. 

But even if Ugandan scientists can pro- 
duce such a banana, the country’s farmers 
are banned from growing it. Only 29 coun- 
tries worldwide grow GM crops, and only 
three of those are African. But this is set 
to change in coming years, according to 
the non-profit organization International 
Service for the Acquisition of Agri-biotech 
Applications. Kenya has already adopted a 
law that permits the import of GM foods. 
This has opened the door for approving the 
cultivation of GM crops. 

Critics of biotechnology are right to 
question its role in world agriculture — like 
other agricultural practices, biotechnol- 
ogy is not risk free. Concerns such as the 
transfer of GM genes to wild relatives and 
the development of resistance to pests need 
be taken seriously and kept under constant 
review. But addressing them requires greater 
investment in science and technology, not 
less. Such monitoring should be part of 
wider strategies to conserve biological > 
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diversity and protect human health; 
they should not be designed to 
discriminate against GM crops. 
Furthermore, GM critics are wrong to 
conclude that because biotechnology does 
not solve all problems, it has no place in 
helping humanity to address long-term 
food needs. They often base their argu- 
ments on the presumption that most of 
the unintended consequences of genetic 
modification are likely to be negative, such 
as cases in which herbicide-resistant crops 
have spread to neighbouring lands. But we 
must look at the relative risks of all tech- 
nologies, including the risks of not adopt- 
ing the technology — suchas how African 
nations would have suffered without the 
Green Revolution. According to a 2010 
European Commission report on GM 
organisms, A Decade of EU-Funded GMO 
Research, based on 130 research projects 
spanning more than 25 years and involv- 
ing more than 500 independent research 
groups, “biotechnology, and in particular 
GMOs, are not per se more risky than e.g. 
conventional plant breeding technologies”. 
The application of biotechnology has 
a number of unintended ecological ben- 
efits. For example, the adoption of GM 
crops has curbed the release of green- 
house-gas emissions by reducing the use 
of pesticides, which require energy to 
manufacture. It has also saved farmers 
from heavy exposure to these chemicals. 
In addition, the use of herbicide-tolerant 
crops enables farmers to cut back on the 
ploughing and weeding that releases car- 
bon that would otherwise be sequestered 
in the soil. For 2009, it is estimated that 
biotech crops resulted in 17.6 billion kilo- 
grams of carbon dioxide sequestration 
and forgone release — the equivalent of 
removing 7.8 million cars from the road. 
Solving world hunger will involve 
more than just producing more food. 
But excluding technological options that 
raise productivity will do more harm 
than good. The international commu- 
nity would be better served by taking a 
pragmatic approach that accommodates 
the best available technological options, 
rather than relying on ideological politi- 
cal positions that will put the world’s 
most vulnerable people at risk. All tech- 
nological options for meeting global food 
needs should therefore be on the table, 
including agricultural biotechnology. m 


Calestous Juma is the director of the 
Agricultural Innovation in Africa Project 
at Harvard Kennedy School, Cambridge, 
Massachusetts 02138, USA. He is author 
of The New Harvest: Agricultural 
Innovation in Africa (Oxford Univ. 
Press, 2011). 

e-mail: calestous_juma@harvard.edu 
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Giving power back to the people is key to ensuring the security of food supplies. 


Preventing hunger: 
Change economic policy 


Simply giving people food is not enough to prevent 
famine, says Peter Rosset. Instead, we need to overhaul 
the policies that have upended the food supply. 


r The global food system is broken. The 
number of hungry and undernour- 
ished people in the world hovers at 

around 1 billion’ and the past few years have 

seen both worldwide food riots as well as 
epidemics of obesity and diabetes. 

Fifty years ago, the United Nations 
World Food Programme was formed to 
help reduce hunger. But its original man- 
date of handing out food was a band-aid at 
best — and can actually make people more 
vulnerable to hunger. We now have a food 
system that has been destroyed by decades 
of misguided policies that emphasized 
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exports over feeding domestic populations 
and by runaway financial speculation. We 
now need to reverse those policies and fix 
what’s broken. 

According to the economic law of 
comparative advantage, agribusinesses 
should export the food, agrofuels and other 
products that are grown in a country, while 
cheaper foods are imported to feed the peo- 
ple. Any gaps in such a ‘productionist’ and 
‘free trade’ system should then be covered by 
food aid, in which organizations such as the 
US Agency for International Development 
(USAID) and the World Food Programme 
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BOOKS & ARTS 


Hedy Lamarr co-invented a technology to prevent remote-controlled torpedoes from being jammed. 


| TECHNOLOGY 


Inventing beauty 


Robert P. Crease revels in the life of a Hollywood 
goddess who pioneered wireless technology. 


edy Lamarr was no mere Hollywood 
H starlet. The twentieth-century Aus- 

trian—American actress was also a 
tech-head, taking inspiration from the self- 
playing ‘player piano to create technology of 
a type now used in mobile phones. Richard 
Rhodes’s biography, Hedy’ Folly, gives this 
side of her story its due. 

For some, her intelligence sits uneasily 
with her exquisite looks, and her invention 
looks like an eccentric sideline. Another 
biography — Hedy Lamarr by cinematic 
scholar Ruth Barton, published last year — 
was a solid portrait but devoted just ten pages 
to Lamarr’s undercover life as an inventor. 
However, her engineering work, conducted 
largely in collaboration with avant-garde 
US composer and pianist George Antheil, 
was genuine. The duo patented a wire- 
less technology to prevent jamming of 


remote-controlled torpedoes. This was 
the first use of a system that, thanks to the 
particular way in which it allowed multiple 
users to share a common band, would later 
be incorporated into Wi-Fi, Bluetooth and 
most cordless phones. 

An award-winning author on the history of 
the US atomic-weapons programme, Rhodes 
puts Lamarr’s inventive spirit into coherent 
context. Despite its title, the book is nearly 
as much about Antheil: he spent the 1920s 
in Europe writing controversial composi- 
tions for player pianos — an early form of 
entertainment centre involving a primitive 
version of digital control. Antheil’s orchestras’ 
incorporated other far- 
out instruments: saws, 
hammers, electric bells, 
sirens and even a pair 
of aeroplane propellers. 


For more on women 
and patents: 


474 | NATURE | VOL 479 | 24 NOVEMBER 2011 


© 2011 Macmillan Publishers Limited. All rights reserved 


Rhodes is not as 
good at conjuring the 
cultural climate as he is 
at describing technolo- 
gies, so the book only 
really takes off when 
Lamarr meets Antheil 
in Hollywood in 1940. 
But the celebrity- 
riddled parties, open- 


a bee ings and European 
he Life and F , 
Hicabihratigli premieres of Lamarr’s 


day job were hardly 
a drab background 
to her hidden hobby, 
and her progression 
to stardom makes for 
fascinating reading. 

Born in 1913 to 
a Jewish family in 
Vienna as Hedwig Kiesler, she grew into a 
beautiful teenager and was soon appearing 
in German films. The erotically charged 1933 
Czech film Ecstasy made her a sensation: in it, 
she swims backstroke nude in a shimmering 
lake, and appears, famously, with bare breasts. 

That summer, Kiesler married the first of 
her six husbands, a wealthy arms merchant 
who entertained German and Austrian 
weapons developers. Neither he nor his 
guests seemed to appreciate that their gor- 
geous hostess could follow conversations 
about submarine torpedoes and remote- 
control devices. When her husband tried to 
make her give up acting, she divorced him. 

Kiesler moved to Hollywood, became 
Hedy Lamarr, and was soon a ravishing 
starlet in films such as Algiers (1938), the 
trailer for which contained the line (uttered 
by French actor Charles Boyer): “Come with 
me to zee Casbah!” But she was proud of her 
mental acuity. “Any girl can be glamorous,” 
she said. “All you have to do is stand still and 
look stupid” 

During the Second World War, Lamarr 
played glamour roles in films such as Ziegfeld 
Girl (1941), in which she wore a jewelled 
peacock-feather headdress. Meanwhile, she 
and Antheil had been hard at work applying 
for patents on weapons-related devices. 

Their meeting and collaboration came at 
a fortuitous time for Antheil. He had been 
down on his luck, reduced to writing popu- 
lar articles for Esquire magazine advising 
readers to evaluate women based on their 
glands. Lamarr hoped to tap into his exper- 
tise to find a way to augment her breasts. 
Antheil couldn't help her, but the two dis- 
covered a shared passion for pianos and for 
inventing. (Rhodes finds it “highly unlikely” 
that they were lovers.) 

Lamarr happened to mention an idea 
she'd had about how to prevent jamming 
of remote-controlled torpedoes. Rhodes 
puts this simply: “Ifa radio transmitter and 
receiver are synchronized to change their 


Inventions of Hedy 
Lamarr, the Most 
Beautiful Woman 
in the World 
RICHARD RHODES 
Doubleday: 2011. 
272 pp. $26.95 


tuning simultaneously, hopping together 
randomly from frequency to frequency, then 
the radio signal passing between them can- 
not be jammed?” This process is now referred 
to as ‘frequency hopping’ or ‘spread spec- 
trum. Experience with player pianos had 
made Antheil proficient at getting machines 
to communicate in synchrony, so Lamarr 
recruited him to provide a proof of principle. 

Using available documents and inter- 
views, Rhodes retraces the steps that guided 
Lamarr in her thinking, and the genesis 
and development of the pair’s other inven- 
tions. He explains why the US Navy had no 
immediate use for the patent: its existing tor- 
pedoes were so problematic that it had no 
interest in developing another system, and 
Navy technicians misunderstood aspects of 
the Lamarr-Antheil design. So it was filed 
away. Rhodes charts the later, independ- 
ent developments of the technology and its 
subsequent uses, notably in the Sonobuoy (a 
sonar system in a buoy) developed by the US 
Navy. The patent expired the year Antheil 
died, in 1959, when it was still classified. 

The technology the two invented emerged 
from secrecy in 1976 and found wide appli- 
cation in commercial communications. In 
1997, the inventors were given (Antheil post- 
humously) a Pioneer Award by the Electronic 
Frontier Foundation, a non-profit com- 
munications industry group based in San 
Francisco, California. But from the end ofthe 
1940s, Lamarr’s Hollywood career had begun 
to drift down an all-too-familiar path. Her 
film performances had grown hammier, as 
in the overwrought and pretentious Samson 
and Delilah (1949). She gradually acquired 
a reputation reminiscent of Sunset Boule- 
vard’s Norma Desmond, was arrested twice 
for shoplifting and died in 2000. 

Although the book is mainly about her 
collaboration with Antheil, its cover sports 
a collage of Lamarr the starlet sitting on a 
long golden torpedo. Yet again we are asked 
to marvel at the spectacle of actress—inventor 
as oddity. Does this reflect sexism, the 
disbelief that beauty is compatible with 
intelligence? Would we be less surprised if 
her on-screen persona had been less erotic 
and more like Katharine Hepburn’s? Or 
perhaps there is a deeper cultural prejudice 
at work — the platonic notion that the skill 
involved in imitating the world is incompat- 
ible with that of understanding it. 

Inside its cover, Rhodes’s book gives us 
the whole Hedy — a closet geek in peacock 
feathers — and makes that mix believable. 
Now it is up to us to figure out why we find 
that hard to digest. m 


Robert P. Crease is a philosopher at Stony 
Brook University, New York, USA. He is a 
columnist for Physics World, and his latest 
book is World in the Balance. 

e-mail: rcrease@notes.cc.sunysb.edu 


Books in brief 


Mushroom 

Nicholas P Money OXFORD UNIVERSITY PRESS 224 pp. $24.95 (2011) 
Botanist Nicholas Money is unashamedly in thrall to the ‘fungal 

sex organ’. In this brilliant scientific and cultural exploration, these 
organisms of rot and soil positively sparkle. From biology to medicine, 
cuisine and recreation, this is a history as convoluted as the systems 
of fungal filaments that enrich woodlands. A human and mycological 
cast of thousands throngs the pages — from a 10-kilometre-square 
colony of honey fungus in Oregon’s Malheur National Forest, to 
Charles Mcllvaine, author of One Thousand American Fungi, who 
fearlessly chomped his way through many of them. 


Science on Ice: Four Polar Expeditions 

Chris Linder UNIVERSITY OF CHICAGO PRESS 288 pp. £26 (2011) 
Acentury of polar science has seen vast change, not least in the 
researchers still braving the blizzards and gelid waters. To give an 
idea of their daily realities, oceanographer and photographer Chris 
Linder and several embedded journalists followed four Arctic and 
Antarctic expeditions studying, variously, an Adelie penguin colony, 
the Bering Sea in spring, the Greenland ice sheet and ocean pack ice 
in the eastern Arctic. The vivid images — of fishing for zooplankton 
at dawn, intent ice-breaking crews, Ernest Shackleton’s hut at Cape 
Royds, for instance — enliven a detailed yet accessible chronicle. 


Memory: Fragments of a Modern History 

Alison Winter UNIVERSITY OF CHICAGO PRESS 312 pp. £19.50 (2011) 

Notions of how memory works have shifted wildly over time. Historian 

Alison Winter traces the evolution of memory sciences through 

‘fragments’, or flashbulb moments. Drawing on sources from 
neurological research to diaries, she shows how the understanding 
of memory has deepened, ramified and sometimes taken wrong 
turns. Case studies include the extreme brain surgery performed 
by Canadian neurosurgeon Wilder Penfield; forensic hypnosis (as 
? used in the book The Manchurian Candidate); psychologist Frederic 

Bartlett’s studies of remembering; and false-memory syndrome. 


Small, Gritty, and Green: The Promise of America’s Smaller 
Industrial Cities in a Low-Carbon World 

Catherine Tumber MIT PRESS 192 pp. $24.95 (2011) 

Detroit in Michigan may be Motown — an intrepid city founded on car 
manufacture — but depopulation, ill-conceived infrastructure and the 
flight of industry have left it devastated. Yet historian and journalist 
Catherine Tumber sees such urban wastelands as tomorrow’s 
sustainability hubs. Low population density, proximity to farmland, 
and a skilled workforce could aid the advent of renewable-energy 
technology. Plucking ideas from 25 small cities in the US Rust Belt, 
Tumber outlines a plausible route to a ‘repurposed’ future. 


And So It Goes: Kurt Vonnegut, A Life 

Charles J. Shields HENRY HOLT 544 pp. £20 (2011) 

The late Kurt Vonnegut carved out his own literary landscape — 
blending dystopian tendencies, pitch-dark humour, autobiography 
and elements of his grounding in chemistry. Authorized biographer 
Charles J. Shields’s exhaustive research does justice to him. 
Whether it is the dimension-hopping Trafalmadorians, ice-nine 

(a solid water) or the shenanigans of fictional sci-fi writer Kilgore 
Trout, Vonnegut used the fantastical to comment astutely on the 
human condition. His honesty, Shields reminds us, is still needed. 
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Micro is the last of the posthumous publications from Michael Crichton, pictured here in 1993. 


Small wonder 


Paul McEuen savours a technothriller from the late 
Michael Crichton that makes the tiny terrifying. 


fear. We run from tanks, not inte- 

grated circuits. For a novelist writing 
atechnothriller called Micro, this couldbea 
problem. But not, it seems, for the godfather 
of the genre, Michael Crichton. 

Crichton died in 2008, and this — follow- 
ing Pirate Latitudes (HarperCollins, 2009) 
— is the last of his novels to be published 
posthumously. Discovered as an unfin- 
ished manuscript with copious notes, it was 
fleshed out by best-selling author Richard 
Preston, whose The Hot Zone (Anchor, 1994) 
is one of the best non-fiction thrillers ever 
written. The result of this joint work, Micro, 
is a fast-paced mix of adventure and cutting- 
edge science, a novel that takes us deep into 
a fascinating, if violent, microscale universe. 

The set-up is classic Crichton: seven gradu- 
ate science students are flown to a dangerous 
spot on the Hawaiian island of Oahu, where 
a cutting-edge technology company is up to 
no good. Nanigen is a start-up armed with a 
breakthrough way to harvest pharmaceutical 
compounds from the Hawaiian rainforests. 


| i most people, small doesn't inspire 
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Each student brings his or her own 
expertise: Peter Jansen is a specialist in 
venomous creatures; Jenny Linn a phero- 
mone researcher; Karen King a spider expert 
skilled in martial arts. Also along for the ride 
is Danny Minot, a postmodernist all-scien- 
tific-truth-is-relative sort who is doomed 
for the roughest treatment. (Remember the 
preening, pro-envi- 
ronment do-gooder 
in Crichton’s 2004 
thriller State of Fear? 
He was eaten by can- 
nibals. Danny fares 
much worse.) 

The book’s pro- 


CRICHTON | 
| 


moters tell us that MICRO 

the students are j 

“transformed” and r 

set loose to survive Micro 

in the Hawaiian rain- ee oo 
. N CHAR 

forest. Spoiler alert: eRESTON 


I’m going to tell you 
what “transformed” 
means. Stop reading 


HarperCollins: 2011. 
448 pp. $28.99, 
£18.99 
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if you don’t want to know. 

Crichton miniaturizes them. Micro is 
the 1989 film Honey, I Shrunk the Kids 
re-imagined as a dark, edge-of-the-seat 
technological thriller. The shrinking is 
accomplished by the powers of magnetic 
tensor fields, whatever those are. Even the 
characters, post-miniaturization, can’t make 
sense of it: did their atoms shrink, too? How 
did it work? 

But let that go. Give Crichton and 
Preston their leap. Now you are experiencing 
the micro-universe first-hand. The result is 
scary and fun — a wild romp through the 
Hawaiian hinterland with both man and 
insect on your tail. 

The authors give us a potpourri of facts 
about chemical ecology, as well as useful 
hints for surviving when small (katydid 
‘meat’ tastes like sushi). To their credit, 
Crichton and Preston try to keep the science 
as close to truth as fiction will allow. 

Our heroes find everything from 
biomechanics to wind resistance dramati- 
cally modified, giving them, for example, 
ant-like super-strength, and rendering 
them invulnerable to long falls. This gives 
our protagonists a chance against predators 
such as insects and birds, with their terri- 
fying arsenals of physical and chemical 
weapons. It is quite an adventure, pitting 
the mini-grads against vicious ants and a 
mynah bird. There is even a life-or-death 
fight with a bat. 

That said, the book lacks some of the 
elements that made Crichton’s best works 
soar. Where the technology of Jurassic Park 
(Knopf, 1990) stretched, but did not break, 
scientific credulity, Micro’s tensor-field 
shrinking machine is so ‘out there’ that it 
dampens the feeling that the plot could really 
happen. Furthermore, the story is not driven 
by a larger peril. If our band of students 
escape the microworld, they live. If not, they 
die. There is no ticking time bomb in the real 
world that makes us root for them even if we 
don’t particularly like them. 

Still, it is wonderful to see Crichton’s 
genius — the audacious mix of adventure 
and techno-speak that made him famous — 
on vivid display one last time. 

If Crichton’s work had a recurring theme, 
it was that complex systems go awry, and that 
nature cannot be controlled. When Crich- 
ton was diagnosed with throat cancer in 
early 2008, he was expected to recover fully. 
The cancer had other plans. To borrow a line 
from Micro, Crichton climbed suddenly and 
unexpectedly into the voracious night. = 


Paul McEuen is professor of physics at 
Cornell University, Ithaca, New York 14853, 
USA, and director of the Kavli Institute at 
Cornell for Nanoscale Science. His debut 
thriller is Spiral. 

e-mail: paul@paulmceuen.com 
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Images from the Hubble Space Telescope inspire poet Tracy K. Smith, whose father helped to build it. 


Q&A Tracy K. Smith 
The space poet 


Tracy K. Smith has her head in the stars. Thanks to her late father’s job as an engineer on the 
Hubble Space Telescope, the US poet gathers inspiration from astrophysics and cosmology. 
Published this year, her third collection, Life on Mars, explores the future of human life, the 
great beyond and her father’s death. As she prepares for a poetry reading at the Space Telescope 
Science Institute in Baltimore, Maryland, Smith talks about the limits of space and time. 


How did you begin to 
write about space? 

I wrote a poem called 
‘Sci-Fi’ several years 
ago that offered a clean 
and glamorous vision 
of the distant future. 
I felt fearless, writing 
“the word sun will have 
been re-assigned / to a 
Standard Uranium- 
Neutralizing device / found in households 
and nursing homes”. Then my father was 
diagnosed with a terminal illness. My sense of 
the future became very personal. Life on Mars 
became a way to move towards my father, to 
try to understand some part of the mystery 
of death. 


How did your father influence you? 

I always thought of him as a Renaissance 
man. He drew, wrote poetry, was curious 
about the way the world worked and how 
things grew. He took me to estuaries to look 
at bird life. He would eat a piece of fruit, dry 
out the seeds and plant them in the back 
yard. When we watched wildlife documen- 
taries and Id get upset about animals killing 
one another, hed remind me that predation 
was part of a natural cycle. Now that my 
father is gone, I can’t look up and out with- 
out feeling like I’m looking through his eyes. 


Several poems refer to 
Hubble images. Why? 
They come from the 
edge of the observable 
Universe. They make me 
feel that I'm seeing the future, even though 
it is actually the distant past. Either way, that 
impulse to career towards what is just beyond 
view feels similar to the way that curiosity and 
desire work in our everyday lives. It is like 
driving at night. We have this insatiable need 
to get beyond the edge of what we can see. 
There is always something out of view that 
the imagination races to fill in. I also havea 
private attachment to the Hubble because it 
was part of my father’s daily life for a number 
of years. I think of it as an extension of him 
when I write in ‘My God, It's Full of Stars’: 


Life on Mars 
TRACY K. SMITH 
Graywolf: 2011. 
75 pp. $15 


The first few pictures came back blurred, and I felt 
ashamed 

For all the cheerful engineers, my father and his tribe. 
The second time, 

The optics jibed. We saw to the edge of all there is— 

So brutal and alive it seemed to comprehend us 
back. 


In one poem you write that “perhaps the 
great error is to believe we’re alone”. What 
are your thoughts on alien life? 

A friend once argued that there are prob- 
ably lots of extraterrestrial life forms but at 
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such a distance from us that, by the time we 
managed to reach them, they would no longer 
exist. It seemed beautifully tragic to me that 
we may have countless neighbours calling out 
into the darkness, but that time is keeping us 
from being a part of that conversation. 


Are your poems informed by science fiction? 
In Stanley Kubrick’s majestic film 2001: 
A Space Odyssey, his most suspenseful 
moments are the slowest and quietest, and 
his associative leaps have been instructive. 
I have been influenced by the visual sen- 
sibilities of classic 1970s sci-fi films, such 
as The Andromeda Strain and The Omega 
Man. Isaac Asimov's 1956 short story The 
Last Question also proved to be an elegant 
model for the way that imagination might 
defy certain hard-and-fast divisions. In it, a 
supreme, immaterial artificial intelligence 
expands in scope until every human mind 
is an extension of it. This intelligence comes 
to exist outside space and time, which fall 
away with the demise of the Universe. It 
exists solely to ponder the last question that 
remains: ‘Is there a way to begin again?’ 


Why do some of your poems imagine a dark 
future for human civilization? 

The poems are playing with the psychology 
of progress. Our imperfections help to make 
us empathetic. My poem ‘Sci-Fi presents a 
sanitized vision of the future, an unsettling 
utopia in which we have outlived every 
threat, but where much of what we thrive on 
as humans has been deemed unnecessary. 
“The Museum of Obsolescence’ is about a 
museum far in the future where everything 
we no longer need as a species is housed: 
money, oil, books, tools. But I also imagined 
that some of the simplest and seemingly 
inconsequential things might be eternal, like 
vendors hawking bargain T-shirts outside. 


An earlier poem was based on the Flores 
human fossil. How did that inspire you? 

In 2004 I read an article in Nature about a 
species of human that inhabited the Indone- 
sian island of Flores until about 18,000 years 
ago. Endemic island dwarfism meant that 
they and everything in their environment 
existed on a miniature scale — there were 
even dwarf elephants. I wondered what it 
would have been like to be a woman in that 
place and time. I wrote the poem in the voice 
of someone whose emotions, desires and will 
to survive are the same size as ours. 


What poems are you working on next? 
I have been thinking about climate change 
and the factions of people who doubt that 
it exists. I’m interested in exploring how the 
state of the planet may also shed light on the 
ways in which we treat one another. = 
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Mekong dam: invest 
in public health 


Construction of the Xayaburi 
dam on the Mekong River 

in Laos could have serious 
implications for public health as 
well as for fishing (Nature 478, 
305-307; 2011). 

The river and its basin are 
the natural habitat of the 
freshwater snail Neotricula 
aperta. This is the only known 
intermediate host of the 
trematode parasite Schistosoma 
mekongi, a flatworm that 
causes human schistosomiasis 
(bilharzia) through contact 
with infected water. 

Newly created upstream 
water reservoirs, as well as 
altered river currents and 
sedimentation, markedly 
affect the relative distribution 
of snails carrying different 
Schistosoma species. When the 
Aswan High Dam was built 
in Egypt in 1970, it caused a 
shift in the relative frequency 
of schistosomiasis from the 
urinary (S. haematobium) to the 
hepatosplenic type (S. mansoni), 
which is more severe 
(M. FE Abdel-Wahab et al. 
Lancet 314, 242-244; 1979). 

Construction of the Three 
Gorges Dam across the Yangtze 
River in China is also expected to 
extend the snail’s normal habitat 
substantially, increasing the 
likelihood of disease in domestic 
livestock and humans 
(D. P. McManus et al. Clin. 
Microbiol. Rev. 23, 442-466; 2010). 

The only cost-effective drug 
currently available to treat 
infection is the schistosomicide 
praziquantel. However, parasite 
resistance to this drug is 
emerging as a result of mass 
administration programmes 
and high rates of reinfection in 
endemic areas (S. D. Melman 
et al. PLoS Negl. Trop. Dis. 3, 
e504; 2009). 

A plea on behalf of poor 
people living along the Mekong’s 
banks is unlikely to affect the 
construction of economically 
important projects such as the 
Xayaburi dam. Instead, some 


of the dam’s revenues should be 
invested in the development of 
new antischistosomal drugs and 
vaccines. 

Antoni R. Blaazer Bilharzia 
Foundation, Wormerveer, the 
Netherlands. ton.blaazer@ 
bilharziafoundation.org 


Mekong dam: assess 
health risks 


Huge hydroelectric projects 

(see, for example, Nature 478, 
305-307; 2011) can have a 
negative impact on public 
health, particularly in tropical 
areas. Public and private power 
companies should be obliged to 
assess this risk and incorporate it 
into their development policies. 

It was pointed out ten 
years ago that the World 
Commission on Dams, created 
in 1998 by the World Bank 
and the International Union 
for Conservation of Nature, 
had fallen short in analysing 
health issues (A. C. Sleigh and 
S. Jackson Lancet 357, 570-571; 
2001). This oversight has still 
not been rectified: the Strategic 
Environmental Assessment of 
Hydropower on the Mekong 
Mainstream, for example, did not 
include public-health risks or the 
likely consequences in its report. 

The failure to develop 
strategies to mitigate emerging 
or re-emerging infectious 
diseases in this context probably 
stems from ignorance and 
financial considerations. Reliable 
analysis of environmental and 
societal health risks is essential 
for their prevention and control, 
which depend on evidence- 
based guidance for health policy 
and planning. It is also crucial to 
optimize integrated surveillance 
systems to allow timely responses 
to public-health threats. 

The 1,070-megawatt Nam 
Theun 2 hydropower station in 
central Laos has shown that long- 
term surveillance and monitoring 
of vector-borne diseases is 
achievable at an acceptable cost. 
Gilles Guerrier Paris, France. 
guerriergilles@gmail.com 
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Space telescope: debt 
problems go deeper 


You report concern among some 
US planetary scientists that the 
funding for the James Webb Space 
Telescope (JWST) is preventing 
NASA from providing a rocket 
for the 2016 ExoMars launch 

(see go.nature.com/zimumg and 
go.nature.com/emgaasy). But this 
is not the root of the problem. 

The real issue is the dismal 
five-year budget projection for 
NASAs Solar System exploration 
in US President Barack Obama's 
budget proposal from February 
2011 — aprojection driven by 
debt-reduction pressures across 
all federal agencies. 

A look at more recent versions 
of the 2012 budget — one from 
the House of Representatives, 
which provides no money for 
the JWST, and the other from the 
Senate, which gives enough this 
year to support a launch in 2018 
— reveals that identical amounts 
are provided for Solar System 
exploration. It is therefore clear 
that cancellation of the JWST will 
lead to debt reduction and not to 
a transfer of funds to planetary 
missions, a point made explicitly 
in the House budget text. 

The JWST will peer back in 
time to the beginnings of the 
cosmos while measuring the 
composition of atmospheres of 
super-earths around nearby stars. 
The challenge for space scientists 
is to make the case that such 
exploration is worthwhile, even 
in difficult economic times. If we 
attack one another's programmes, 
we shall see funds for many of our 
hard-fought missions swept away 
in the name of deficit reduction 
— and we shall all lose out. 
Jonathan I. Lunine Cornell 
University, I thaca, New York, 
USA. jlunine@astro.cornell.edu 


Space telescope: 
focus on priorities 


The concerns and frustration 
of the planetary community 
over the uncertainty of the 
2016 ExoMars mission are 


understandable (see go.nature. 
com/zimumg). Several 
budgetary factors are to 

blame, and these precede and 
are unrelated to the recently 
increased costs of launching the 
James Webb Space Telescope. 

The US President’s 2012 
budget proposal for NASA's 
Planetary Science Division, 
released in February 2011, 
dropped from the previous year’s 
figure by roughly US$1 billion 
over the next five years. 

In addition, the cost of the 
Mars Science Laboratory, 
initially estimated at 
$650 million in 2003 (at a time 
when all major mission costs 
were underestimates), has risen 
to around $2.5 billion. 

The cost of the missions 
in NASA’ Science Mission 
Directorate budget for 2008 was 
also found to be understated by 
billions of dollars. 

The scientific community 
needs to support the decadal 
priorities of each of the science 
divisions at NASA and avoid 
firing inwards, which will 
threaten funding for science 
overall. 

Garth D. Illingworth University 
of California Santa Cruz, 
California, USA. 
gdi@ucolick.org 


Sea-ice loss sparks 
oil drilling boom 


An irony that should give us 

all reason to pause is that the 
unprecedented, climate-induced 
loss of Arctic sea ice (Nature 
478, 171; 2011) has triggered 

an explosion of oil exploration 
off Greenland and in the Kara, 
Barents and Chukchi seas. 
James B. McClintock University 
of Alabama at Birmingham, 
Alabama, USA. 
mcclinto@uab.edu 
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Does gravity correct gauge couplings? 


ARISING FROM D. J. Toms Nature 468, 56-59 (2010) 


Whether various models of quantum gravity predict observable effects 
is a matter of dispute. Toms has argued’ that there are quantum gravity 
corrections to the energy dependence of the electric charge in quantum 
electrodynamics (QED) that depend quadratically on the energy, and 
cause the electric charge to vanish at high energies. This conclusion was 
based on a background field calculation using a cut-off thought to be 
related to energy. We argue that scattering processes cannot have 
such a quadratic energy dependence. Hence the quadratic correction’ 
cannot apply to a charge that is physically measurable, and does not 
lead to asymptotic freedom in QED. 

In the absence of gravitation, couplings in gauge field theories (such as 
the electric charge in QED) vary logarithmically with energy due to 
quantum corrections, with that in QED increasing. It has been sug- 
gested’ that quantum gravity would make a correction that depends 
quadratically on energy, causing all gauge couplings to vanish at high 
energies (even that in QED), the property known as asymptotic freedom. 
An observation of this effect would have profound implications for the 
unification of gravity with the gauge interactions, as it would cause the 
latters’ couplings to drop very rapidly at scales above the expected grand 
unification scale, 10'° GeV. 

However, several confusing and contradictory calculations of such 
gravitational corrections have appeared subsequently, ranging from 
explicit gauge dependence’ to the absence of such terms in dimen- 
sional regularization‘, contradicting results in other approaches’. 

A covariant approach to the problem was taken recently by Toms’, 
based on a gauge-invariant heat-kernel regularization using a generalized 
background-field method. It was claimed that the quadratic energy 
dependence of the gravitational contributions to the electric charge 
was confirmed, and an additional logarithmic energy dependence was 
found, proportional to a positive cosmological constant. This calcula- 
tion used a proper time cut-off t, related to an energy cut-off E., which 
was then identified with the energy E at which the renormalized electric 
charge e(£) is evaluated. The resulting corrections would render 
asymptotically free the corresponding QED running coupling, and 
similar results would hold for non-Abelian gauge theories. 

The disagreements’ ~ raise the question of whether the claimed grav- 
itational corrections to gauge couplings are physical, and specifically the 
question of whether the appearance of a quadratic cut-off dependence 
actually signals the appearance of an asymptotically-free coupling in 
physical processes: the previous calculation’ could be absorbed into a 
trivial charge renormalization if E. and E were not identified. 

Physical measurements—for example, of the electric charge—are 
derived from on-shell scattering amplitudes (S-matrix elements). 
These are invariant under local redefinitions of fields, as shown in 
the equivalence theorem®”’. As we now show, the equivalence theorem 
implies that energy-dependent modifications of gauge couplings, 
such as those discussed above, cannot affect S-matrix elements, and 
hence are not relevant for asymptotic freedom or the unification of 
gauge interactions with gravity—for example, in string theory. 

The equivalence theorem®’ asserts that if one redefines a generic 
field p by p> = + F(g), where F(q) is a local, gauge invariant 
combination of g and its derivatives that does not influence the mass- 
shell condition for the particle associated with g, and the correlation 
functions of F with itself and/or @ do not have poles corresponding to 
massless particles, then the S-matrix in the transformed theory is the 
same as in the original theory. 

As the claimed gravitational corrections to gauge couplings may 
be removed by a field redefinition satisfying the conditions of the 


equivalence theorem, these corrections can have no physical effects 
on on-shell scattering processes. This also explains the discrepancies 
described above, including the apparent dependences on the gauge- 
fixing parameter and the regularization scheme, because the quant- 
ities being calculated were not physically measurable. 

From the point of view of an effective action, the E’-dependent 
terms'* correspond to higher-derivative terms of the form: 


eI d*xF,y (JF“’, where b is a dimensionless numerical constant, 


Mp = 10'° GeV is the Planck energy scale, F,,, is the electromagnetic 
field strength and (1 is a covariant second derivative. Terms of the 
form (V,F,,)" can easily be cast in the same form, which is the only 
independent higher-derivative combination that is quadratic in the 
field strength and in space-time derivatives, and terms of the form 
OF yp + OyFon + OpFuy Vanish thanks to the cyclic permutation iden- 
tity. It is straightforward to see that the coefficient b above can be 
changed by the following local field redefinition of the gauge potential, 
A,» which respects the criteria of the equivalence theorem outlined 


above: Ay An =A,+ aan where An denotes the redefinition 


of A,, c is an arbitrary numerical constant and V,, denotes a gravita- 
tionally-covariant derivative. All corrections to the photon propagator 
can be removed by such local redefinitions, and no terms with any 
number of derivatives that are bilinear in the gauge potential A,,, such 
as (Vp... ViF up) and so on, have any effect on on-shell scattering 
amplitudes, as is well known in string theory*. 

It follows that there are no relevant power-law gravitational correc- 
tions to the physical electric charge, no asymptotic freedom in QED, and 
no effect on the comparison between gauge and gravitational interaction 
strengths in string unification scenarios, as had been shown explicitly in 
the context of open strings”'®, without appeal to the equivalence 
theorem. This observation can be extended to terms of higher orders 
in the effective gauge theory, but does not extend to the term propor- 
tional to the cosmological constant that depends logarithmically on the 
energy scale, which cannot be absorbed by a local field redefinition. 

A related point of view was made recently in the context of a scalar 
field theory with a 1®* interaction, where it was argued that power- 
law corrections due to quantum gravitational interactions do not 
signify a running of the coupling constant 4 that can be measured 
physically”. In the context of our discussion, this is another illustra- 
tion of the equivalence theorem. 

We conclude by restating our principal conclusion: the equivalence 
theorem implies that S-matrix elements are unaffected by higher- 
order derivative corrections that are quadratic in the gauge fields, 
and hence that the measurable electric charge does not exhibit a 
quadratic energy dependence leading to asymptotic freedom, as sug- 
gested by Toms". 


John Ellis? & Nick E. Mavromatos? 

Theory Division, CERN, CH-1211 Geneva 23, Switzerland. 

email: john.ellis@cern.ch 

?Department of Physics, King’s College London, Strand, London WC2R 
2LS, UK. 
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REPLYING TO J. Ellis & N. E. Mavromatos Nature 479, doi:10.1038/nature10619 (2011) 


In a previous paper’, I used the gauge-invariant background-field 
method to calculate a contribution to the renormalization of electric 
charge due to quantum gravity that was quadratically dependent on 
an energy cut-off. This was done by taking a constant electromagnetic 
background field, F. The result was used to support the original sug- 
gestion of Robinson and Wilczek’ that quadratic divergences could 
lead to asymptotic freedom. This result has been criticized by Ellis and 
Mavromatos* and their present submission* gives a shortened and 
altered discussion of their viewpoint. 

The implication of Ellis and Mavromatos* is that the quadratic 
divergence that I found’ is related to the dimension-six operator 
FOF. This is not the case. The quadratic divergence proportional to 
F’ that was calculated has nothing to do with F0’F. I agree with these 
authors that the coefficient of FO°F can be altered by a field redefini- 
tion and cannot affect any physically measurable quantity; by taking F 
to be constant as I did, the dimension-six operator cannot occur. 
What Ellis and Mavromatos* argue is that the dimension-six operator 
cannot affect the renormalization (and hence running) of charge, and 
nothing more; their criticism has no direct bearing on the calculations 
reported by Robinson and Wilczek’ or myself. 

The reason why I do not now believe that the quadratic divergences 
contribute to a running electric charge has to do with not properly 
identifying a physically measurable definition of the charge. (I am 
grateful to J. Donoghue (personal communication) for pointing this 
out.) This should indeed follow from an S-matrix calculation but no 
one, including Ellis and Mavromatos, has attempted this calculation 
for Einstein-Maxwell (or Yang-Mills) theory. (A related S-matrix 
calculation has been done* for a non-gauge field.) Instead the 
background-field method in one form or another has been used. A 
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physical definition of charge can be considered completely within the 
background-field method where it can be shown’ that the quadratic 
divergences do not contribute to the running electric charge, and only 
logarithmic divergences do so contribute. Although it does not appear 
that the quadratic divergences lead to a running of gauge coupling 
constants, it is still possible” that quantum gravity can lead to asymp- 
totic freedom if there is a positive cosmological constant; however, the 
running is only logarithmic, not quadratic, and is not as interesting 
phenomenologically. 


D. J. Toms? 
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NEWS & VIEWS 


Probing the core’s light elements 


A fine marriage between seismic data and laboratory experiments carried out at the extreme conditions of Earth’s deep 
interior indicates that the planet’s liquid outer core is poor in oxygen. SEE LETTER P.513 


THOMAS S. DUFFY 

arth’s core accounts for one-third of 
Be planet’s mass and has a central 

role in Earth’s overall energy budget 
and dynamics. Although the core has 
long been known to be composed mainly 
of iron, together with some nickel’”, 
the identity of the lighter elements that 
make up about 8% of the core’s mass 
has been an enigma for nearly 60 years. 
Work reported in this issue by Huang 
et al.’ (page 513) combines the results 
of laboratory experiments with geo- 
physical data for the core to address this 
long-standing mystery. Better knowl- 
edge of the core’s main light element 
(or elements) will shed light on heat flow 
in Earth’s deep interior, on the origin and 
growth of the core’s solid inner region, 
and on the generation and evolution of 
Earth’s magnetic field*, 

But which element is it? Here we can 
bring out the line-up of usual suspects: 
sulphur, oxygen, silicon, carbon and 
hydrogen. Each is geologically abundant 
and can dissolve in liquid iron under 
the appropriate range of pressure and 
temperature conditions. Geochemical 
arguments for and against each can be 
constructed’. Each also has its own impli- 
cations for core formation and evolution 
of the early Earth®. For example, an oxygen- 
dominated core would imply that oxidizing 
conditions were present during much of core 
formation, whereas a silicon-dominated one 
would require mostly reducing conditions. 
Hence, unmasking the identity and abundance 
of the core’s main light elements will also be a 
major step forward in understanding Earth’s 
geochemical evolution. 

Seismic data’ provide robust constraints on 
density and sound velocities throughout the 
core. These data reveal that the core is divided 
into a large, liquid outer core with a radius 
of about 3,500 kilometres, within which is 
embedded a smaller, solid inner core with a 
radius of about 1,200 km (Fig. 1). The differ- 
ences in seismic velocity and density between 
the liquid outer and solid inner cores are also 
known, as is the existence of weak seismic 
anisotropy in the inner core. One interesting 
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Figure 1 | Cross-section of Earth’s interior. Depths for the 
various regions are indicated on the left and corresponding 
pressures (in gigapascals) on the right. The core is mainly 
composed of iron (Fe) and nickel (Ni), with some unknown 
lighter elements. By comparing laboratory measurements 
with seismic data, Huang et al.’ place new constraints on the 
identity of these light elements in the core. 


feature is that the abundance of light elements 
in the inner core seems to be only about half 
of that in the outer’. All of these observable 
aspects provide important characteristics that 
the successful light-element candidates must 
have. However, directly probing potential 
core materials against these geophysical 
criteria is challenging because of the extreme 
conditions that exist in the core — pressures 
of 136-364 gigapascals and temperatures of 
about 4,000-6,500 kelvin. 
Shock-compression experiments, which 
subject samples to high-velocity impactors, 
provide one of the best routes to simulating 
core conditions in the laboratory. These are 
dynamic experiments that generate very high 
pressures for microsecond durations. One 
advantage of shock-wave experiments is that 
high temperatures are necessarily generated 
along with high pressure. For samples with 
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iron-rich compositions, the pressure- 
temperature states achieved under shock 
loading are fortuitously close to those 
expected to occur in the core”””. Although 
the temperatures are somewhat uncertain, 
the need for large extrapolations of labora- 
tory results to core conditions, as is com- 
mon for room-temperature experiments 
using diamond anvil cells for example, is 
avoided. The shock experiments are also 
conducted under conditions in which the 
sample has been transformed into the 
liquid state and thus are more directly 
comparable to the liquid outer core. 
Shock-wave experiments traditionally 
measure the density achieved under high- 
pressure loading. However, density data 
alone cannot provide a unique constraint 
on core composition. Huang et al.’ over- 
come this problem by also measuring the 
sound velocity of the shocked material. By 
comparing measurements of both density 
and sound velocity with the seismic data 
for the core, it finally becomes possible to 
affirm or rule out certain compositions. 
Huang and colleagues used one 
oxygen-rich and sulphur-poor (8 weight 
per cent O and 2 wt% S) composition for 
their experiments and one oxygen-poor 
and sulphur-rich composition (2.2 wt% O 
and 5.3 wt%S). They found that the 
oxygen-rich composition yields sound 
velocities substantially higher than those of 
the liquid outer core. For compositions within 
the iron-sulphur-oxygen system, those with 
more than about 2.5 wt% oxygen are not able 
to simultaneously match both the density 
and sound-velocity profiles of the core. By 
contrast, they showed that sulphur-rich com- 
positions can indeed match both density and 
sound velocity. Does this mean that sulphur 
is the dominant light element? Not necessar- 
ily. Models of Earth’s accretion have generally 
concluded that the amount of sulphur in the 
core must be small'’. Therefore, it is essential to 
perform similar experiments on a wider range 
of components. As noted previously, carbon 
and silicon are both plausible candidates on 
geochemical grounds, and so experiments on 
these materials are needed. 
Further efforts to nail down core composi- 
tion would require examining how potential 


light elements partition between the core’s 
solid and liquid portions at its temperature 
and pressure conditions. This is necessary to 
explain the compositional differences between 
the solid and liquid parts of the core. A theoret- 
ical study’ addressing this question suggests 
that oxygen — not sulphur — may have the 
right partitioning behaviour, in conflict with 
Huang and colleagues’ experimental results*. 
The extreme conditions of the core make a 
laboratory test of this partitioning behaviour 
highly challenging, but experimental capa- 
bilities are making rapid advances on several 
fronts in high-pressure-temperature science. 
The past few decades have seen remarkable 


progress in uncovering the state and structure 
of many features of the deep Earth, with the 
light elements of the core remaining a stub- 
born puzzle. The work reported here suggests 
that a solution to the problem may finally be 
at hand. = 
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Final act of senescence 


Damaged cells can initiate cancer. To avert this, faulty cells disable their own 
propagation by undergoing senescence. But for full protection against liver cancer, 
the senescent cells must be cleared by the immune system. SEE LETTER P.547 


MANUEL SERRANO 


ellular damage is unavoidable and 

intrinsic to life, and it is often aggra- 

vated by pathogens or exposure to toxic 
agents. In long-lived multicellular organisms, 
however, damaged cells pose a problem not 
because of their loss of function, but mainly 
because their proliferation can escalate a 
minor local problem into a deadly cancer. 
Fortunately, cells can detect their own level 
of damage and eventually dismiss themselves 
in a final act of altruism for the benefit of the 
organism. Self-dismissal comes in two forms, 
apoptosis (self-destruction) and senescence 
(self-disabling), with the latter being at least as 
prominent as the former in providing protec- 
tion against cancer’”. On page 547 of this issue, 
Kang et al.’ explore how the immune system 
targets senescent cells to limit the development 
of liver cancer. 

The fate of senescent cells within tissues has 
long been uncertain. Some show extremely 
lengthy residency times in vivo. For instance, 
moles formed by senescent melanocyte cells 
can reside in human skin for decades*. Until 
recently, therefore, the possibility that senes- 
cent cells could be selectively targeted for 
elimination was generally overlooked. This 
changed with the discovery that such cells 
secrete signalling molecules that contribute 
to the establishment of senescence” and pro- 
mote tissue repair by inducing proliferation of 
neighbouring cells and attracting cells of the 
immune system’. 

Rapid clearance of senescent cells was 
first observed in mouse liver cancers. In this 
work*, reactivation of a silent p53 gene (a 


major inducer of senescence) made cancer 
cells ‘aware’ of their own damage, triggering a 
strong senescence response. The cancer then 
became a senescent mass and was swiftly and 
selectively eliminated by immune cells — a 
fate delivered mainly by the innate arm of the 
immune system (macrophages, neutrophils 
and natural killer cells) (Fig. 1). 

Subsequent work’ reached similar conclu- 
sions. Disabling the driving oncogenes in 
mouse lymphoma and leukaemia resulted in 
tumour regression that was associated with 
apoptosis and senescence. In these cancer 
models, the immune system was necessary for 
the induction of senescence — but not apopto- 
sis — and for complete and long-term tumour 
remission. The essential immune cells were 
CD4' T cells’, which are part of the adaptive 
immune system and can recognize cancer cells. 
In the absence of CD4" T cells, senescence 
was not induced and tumour remission was 
incomplete, being rapidly followed by tumour 
relapse. 

These studies*” offered insight into how can- 
cers respond to therapies. But understanding 
the role of the immune system in preventing 
the emergence of cancer is equally important. 
Kang et al.’ set out to do just that. The authors 
introduced the Nras“’*" oncogene into some 
15% of liver cells in mice. Six days later, these 
‘transduced’ — but otherwise normal — cells 
naturally became senescent and were pro- 
gressively cleared during the following weeks, 
becoming undetectable after 2 months. 

In a veritable tour de force, Kang and 
colleagues demonstrate that clearance 
depended on CD4* T cells — which 
showed specificity towards the Nras°’?" 
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mutation — and that it required senescence. 
Mouse liver cells that had been trans- 
duced with a non-oncogenic Nras gene 
(Nras°?"/"°84) did not undergo senescence or 
clearance 2 months later. Moreover, transduc- 
tion of Nras°’’" into mice lacking the crucial 
senescence mediator Arf did not trigger a spe- 
cific immune response against the Nras“’’" 
mutation. These observations imply that the 
T-cell-mediated immune response to onco- 
genic mutations requires senescence. Although 
CD4' T cells were necessary for clearance of 
senescent cells, they instigated recruitment 
of macrophages, which directly executed the 
clearance. 

What is most exciting about this work is 


Cancer Oncogenic 
therapy initiation 
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Figure 1 | Clearance of senescent cells. When 
damaged, cells may undergo senescence to disable 
their own proliferation and may even trigger their 
own clearance. In the case of cancer, treatments 
that lead to senescence and clearance by immune 
cells — CD4* T cells and macrophages — cause 
tumour regression*”. Kang et al.° find that mouse 
liver cells that carry the hyperactive Nras°'”" 
oncogene, but are otherwise normal, also trigger 
senescence and clearance by the immune system, 
and that these processes are essential for complete 
protection from cancer. CD4' T cells are essential 
for instigating clearance in some*”, but not all’, 
cases, whereas macrophages are the final common 
executors of clearance. 
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that the clearance of senescent cells leads to 
protection against cancer. In fact, when 
Nras°’’-expressing senescent cells were not 
cleared (for example, in mice lacking CD4* T 
cells), numerous tumours appeared, whereas 
clearance of senescent cells robustly prevented 
tumour development. 

The authors’ also studied mouse models of 
liver inflammation and toxicity — known risk 
factors for liver cancer in humans. Again, in 
the absence of the adaptive immune system, 
cells that had undergone senescence follow- 
ing inflammation and liver toxicity were not 
cleared, and this was associated with increased 
tumorigenesis. 

Kang et al. further extrapolated their find- 
ings to human disease, by analysing the 
livers of patients infected with hepatitis C 
virus (HCV) whose immune systems were 
either intact or compromised owing to con- 
comitant infection with HIV. In agreement 
with their mouse data, the authors found that 
senescent cells were cleared in patients infected 
with HCV alone but not in those infected with 


INTERFACIAL CHEMISTRY 


both HCV and HIV. Similarly, HCV-infected 
patients with cirrhosis who were being treated 
with immunosuppressants had senescent 
cells in their livers, but this was not the case in 
untreated patients. As the authors note, HIV 
infection and immunosuppressant therapy are 
associated with increased risk of liver cancer. 
It has been shown” that clearance of 
senescent cells by the immune system is also 
important for the resolution of fibrotic scars 
in liver. Together with Kang and co-workers’ 
data, this suggests that the clearance of these 
cells could indeed prove generally beneficial 
for tissue repair, as previously proposed’. 
This paper’ clearly shows that cell clear- 
ance is essential for the maximum tumour- 
suppressive effects of senescence. But this 
brings us to a conundrum: why do senescent 
cells, which cannot proliferate, pose a cancer 
risk? Two possible answers come to mind. 
First, it is conceivable that rare senescent cells 
exist at an intermediate — still undefined 
— state that has the potential to resume 
proliferation and initiate cancer. Second, the 


Gold’s enigmatic 


surface 


Gold is not as inert as was believed — it can promote molecular synthesis. A study 
uses scanning tunnelling microscopy to catch gold in the act as it guides the 
formation of one-dimensional polymers from saturated hydrocarbons. 


ROBERT J. MADIX & CYNTHIA M. FRIEND 


arbon-carbon bond-forming reac- 

tions are used to make molecules that 

have specific structures and properties, 
such as polymers. Particularly challenging is 
the use of saturated hydrocarbons (alkanes) as 
starting materials for these reactions, because 
strong carbon-hydrogen (C-H) bonds in the 
molecules must first be broken. Harsh reac- 
tion conditions are often required to do this, 
but in general such conditions make it diffi- 
cult to break a specific C-H bond and thereby 
selectively control where in the molecule 
carbon-carbon bond formation occurs. Writing 
in Science, Zhong et al.’ report that the adsorp- 
tion of alkanes on a gold surface changes the 
structure of one-dimensional channels in the 
metal. These channels direct the polymeriza- 
tion of the alkanes, so that carbon-carbon 
bonds form only at, or close to, the ends of the 
molecules. 

This result might sound surprising, because 
gold has traditionally been believed to be 
chemically inert. However, research has shown 
that the metal’s surface is not inert, and it is now 


used as a supporting surface for self-assem- 
bled monolayers of molecules”. Furthermore, 
special reaction centres can be created on gold, 
for example by binding oxygen atoms to it, and 
this has facilitated the development of gold- 
catalysed reactions for making carbon-oxygen 
and carbon-nitrogen bonds**. Such reactions 
have been used to selectively catalyse the for- 
mation of low-molecular-weight compounds 
that are important in the chemical industry’*. 
The advantage of using gold to promote reac- 
tions is that, where the reaction centres are 
not present, it is less able to break chemical 
bonds than are other commonly used catalytic 
metals. This means that, ifa primary reaction 
can be initiated on the surface, the intermedi- 
ate chemical species created will be unlikely 
to take part in side reactions, thus providing 
excellent control over which products form. 
Zhong and colleagues’ reaction’ illustrates 
the use of such effects to make compounds 
of high molecular weight. The authors predi- 
cated their experiments on two principles. The 
first was that high-molecular-weight alkanes 
remain bound to gold surfaces at temperatures 
that are high enough to break C-H bonds. The 
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proliferative factors secreted by senescent 
cells for their tissue-repair function may be 
usurped by neighbouring cancerous cells to 
enhance their proliferation. Future work will 
undoubtedly resolve this issue and will con- 
tinue to enrich the fascinating link between 
senescence and cancer. = 
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Figure 1 | Polymerization on gold. Zhong et al.’ 
report that alkane monomers on a gold surface 
react selectively at their chain ends to form 
polymers. a, In this micrograph, the polymer chains 
(bright lines) line up in parallel along troughs in the 
gold surface. The area shown is 50 nm x 50 nm. b, 
This inset shows the chains at higher magnification. 
The arrows indicate gaps in the rows of gold atoms 
that underlie the polymers. These gaps form during 
the polymerization reaction, but the role of the 
missing atoms in the reaction, if any, is unknown. 
The area shown is 9 nm x 13 nm. 


second principle was that, once C-H bonds of 
an alkane have ruptured to form alkyl inter- 
mediates on a gold surface, recombination of 
neighbouring alkyl groups will occur, yielding 
polymer chains. 

The rupture of C-H bonds by metallic gold 
is well documented: for instance, butyl groups 
(CH;CH,CH,CH,) attached to gold surfaces 
undergo C-H bond cleavage at 280 kelvin to 
form butene’ (CH,CH,CH=CH,); and terminal 
C-H bonds in t-butyl thiol bound to gold break 
at 490 K (ref. 8; t-butyl thiol is (CH);CSH). 
Furthermore, alkanes bind to the surfaces of 
precious metals primarily by van der Waals 
interactions, which means that the strength 
of binding increases with the number of car- 
bon atoms in the alkane chain (and so with 


molecular weight). Although the temperatures 
that are needed to desorb alkanes from gold 
have not been measured, it is known’ that a 
temperature of 550 K is required to desorb the 
long alkane C;,H,, from graphite. Because the 
forces that bind alkanes to graphite are similar to 
those that bind them to gold, this is indicative of 
the temperatures needed to desorb C,,H,, from 
the metal. It is therefore clear that long alkanes 
should remain attached to a gold surface at 
sufficiently high temperatures for C-H bond 
cleavage to occur, as Zhong et al. assumed. 

There is also evidence to support the second 
principle. When heated, neighbouring alkyl 
groups (derived from compounds known as 
alkyl bromides) couple together on gold sur- 
faces to form alkanes’. Furthermore, scanning 
tunnelling microscopy has previously been 
used to show that carbon-carbon bonds form 
between large, complex organic molecular 
fragments on gold to yield highly ordered sur- 
face structures”. So, overall, the two principles 
are well enough understood to be predictive of 
the reactions reported by the authors’. 

But perhaps the most intriguing aspect of 
Zhong and colleagues’ work is the alignment 
of long alkanes along the troughs of the gold 
surface, and the associated reorganization of 
the surface structure that widens the troughs. 
This alignment may be key to the observed 
selective cleavage of the terminal C-H bonds 
and might also facilitate coupling of the result- 
ing alkyl groups. There is precedent for such 
alignment: acetylene (HC=CH) reacts with 
surface-bound oxygen atoms on silver surfaces 
to yield adsorbed monomers, which polymerize 
in such a way that their carbon-carbon triple 
bonds are confined within troughs”. Silver 
and gold are in the same group of the periodic 
table, and they have the same surface struc- 
ture, so Zhong and colleagues’ findings’ add 
to the growing evidence of the commonality 
in the chemical behaviour of these surfaces. 

But there are also striking differences in the 
behaviour of silver and gold. In the previous 
work on silver'', each monomer was con- 
nected by an intervening silver atom, so that the 
resulting polymer was formed from a repeated 
-(C-C-Ag)- atom motif. Zhong et al. obtained 
images of their polymers on gold surfaces using 
scanning tunnelling microscopy (Fig. 1), and 
saw no indication that gold atoms were incor- 
porated. The authors did, however, observe 
vacancies in the gold surfaces, where gold 
atoms had disappeared during the reaction. A 
lingering question is the fate of these vanished 
atoms and their role in the polymerization pro- 
cess. On the face of it, the results suggest that 
interactions between polymers and rows of 
gold atoms on the surface of the metal provide 
sufficient force to reconstruct the surface. 

Further experimental and theoretical stud- 
ies should be performed to address two crucial 
points about the polymerization — the role 
of alkane confinement in the channels and 
the role of surface reconstruction. Perhaps 


confinement of molecules in the channels 
makes gold atoms along ridges in the metal 
surface accessible to the terminal C-H bonds 
in the alkane chains. Experiments in which 
the molecular structure and chain length of 
the alkanes are varied, along with molecular- 
dynamics simulations, would cast light on this 
issue, and provide deeper insight into these 
fascinating coupling reactions. = 
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The earliest modern 
humans in Europe 


The reanalysis of findings from two archaeological sites calls for a reassessment 
of when modern humans settled in Europe, and of Neanderthal cultural 


achievements. SEE LETTERS P.521 & P.525 


PAUL MELLARS 


n page 521 of this issue, Higham et al.’ 

document the presence of modern 

humans at the extreme northwestern 
tip of Europe by around 42,000-43,000 years 
ago — based on the most recent calibration of 
the radiocarbon timescale’. And on page 525, 
Benazzi et al.’ report a previously unsuspected, 
very early dispersal of modern humans into 
the extreme southern fringes of Europe by 
around 43,000-45,000 years ago. The two 
papers shed new light on the earliest settlement 
of two widely separated regions of Europe by 
anatomically and genetically modern human 
(Homo sapiens) populations, following their 
initial dispersal from Africa about 50,000 to 
60,000 years ago. 

The two papers” crucially depend on the 
same premise — that one can differentiate 
clearly and reliably between the remains of 
modern humans and those of the immediately 
preceding Neanderthal populations on the 
basis of the shape, dimensions, cusp patterns, 
enamel thickness and other features of human 
teeth’. Although attributions based on these 
features may be questioned by some, both 
papers present clear and well-documented 
justifications for their taxonomic identifica- 
tions, and will probably be accepted by the 
majority of specialists in the field. 

Higham and colleagues’ evidence’ comes 


from a site in the United Kingdom — Kent's 
Cavern in south Devon. It consists of a frag- 
ment ofa human maxilla — part of the upper 
jaw — originally discovered during excava- 
tions on the site in 1927 (Fig. 1). The bone 
was provisionally attributed to H. sapiens by 
the anthropologist Arthur Keith on the basis 
of its overall anatomical form*. Higham et al. 
systematically compared the dimensions 
of the three teeth in the maxilla with well- 
documented specimens of Neanderthal and 
modern human teeth from other European 
sites. Their findings reinforce the attribution 


Figure 1 | Human remains. Higham and 
colleagues’ reconstruction’ of a maxilla — part 
of an upper jawbone — found at Kent’s Cavern, 
UK, confirms that the remains belong to an 
anatomically modern human. (Taken from 
Supplementary Information to ref. 1.) 
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Figure 2 | Principal dispersal routes of the earliest modern humans across Europe. Aurignacian 
populations of modern humans spread mainly along the Danube valley, whereas Proto-Aurignacian 
populations spread along the Mediterranean coast. Both apparently originated from the Near East (based, 
for example, on findings at Ksar Akil, Lebanon”). Dashed lines indicate less-certain dispersal routes, 
and numbers represent dates of sites in thousands of years before present (BP), based on the most recent 
calibration of the radiocarbon timescale’. Higham et al.’ report that bones from a site at Kent’s Cavern, 
UK, are dated to between 42,000 and 43,000 years Bp, which makes them the earliest dated remains of 
anatomically modern humans in western Europe. Another early modern human culture, known as the 
Uluzzian industry, is currently confined to sites in Italy and Greece’. Benazzi et al.’ date Uluzzian shell 
samples from a site at Grotta del Cavallo, Italy, to between 43,000 and 45,000 years Bp. This suggests that a 
previously unknown modern human dispersal occurred across southern Europe. (Graphic, Dora Kemp.) 


of the maxilla to fully modern humans. 

The authors also attempted direct radio- 
carbon dating of one of the teeth, but this failed 
because the collagen in the tooth was poorly 
preserved. They therefore systematically dated 
along series of animal bone samples recovered 
stratigraphically above and below the reported 
position of the maxilla at Kent’s Cavern, using 
the newly developed ‘ultrafiltration method 
for eliminating chemical contamination from 
the bones. Their results suggest that the max- 
illa itself dates from between 42,000 and 43,000 
years before present (BP), making it the earli- 
est dated specimen of an anatomically modern 
human in western Europe. 

The idea that anatomically modern humans 
had penetrated western Europe by at least 
42,000 years ago is strongly borne out by 
radiocarbon dating of several archaeological 
sites that belong to the Aurignacian culture in 
western and central Europe®” (Fig. 2), which is 
now generally accepted to have been a modern 
human culture**, rather than a Neanderthal 
one. By contrast, Benazzi and colleagues’ 
radiocarbon dating” of finds from the cave site 
of Grotta del Cavallo in the extreme southern 
‘heel’ of Italy demonstrates an entirely new 
and hitherto unsuspected component of the 
modern human settlement of southern Europe. 

The authors analysed a series of eight 
marine shell samples recovered in close strati- 
graphic association with two human teeth 
from the middle levels of the site. The remains 


were associated with a highly distinctive form 
of stone-tool culture known as the Uluzzian 
industry, which is geographically confined to 
sites in the Italian peninsula, apart from two 
recently discovered sites in southern Greece” 
(Fig. 2). Benazzi and colleagues’ radiocarbon 
dating of the shell samples — which works by 
exclusively analysing the aragonite compo- 
nents of the shells, rather than the calcite — 
points to an age for these samples in the range 
of 43,000-45,000 years old. They could even be 
slightly older, if the possibility of some resid- 
ual chemical contamination of the samples is 
taken into account. 

Uluzzian technology combines an apparent 
mixture of both Middle Palaeolithic and Upper 
Palaeolithic elements, including several simple, 
shaped bone tools and a number of perforated 
or tubular seashell ornaments’. Up to now, this 
has been widely accepted as the result of accul- 
turation — the exchange of cultural features — 
between indigenous Neanderthal populations 
in Italy and intrusive, early ‘Proto-Aurignaciar’ 
populations of modern humans on the adja- 
cent Mediterranean coast'””” (Fig. 2). This 
in turn implies that the humans responsible 
for the Uluzzian culture were Neanderthals, 
rather than modern humans. But on the basis 
of their morphological analysis’ of the two 
teeth associated with the Grotta del Cavallo 
shell samples, Benazzi et al. conclude that the 
teeth are distinctively modern human, and not 
Neanderthal. If so, this casts radically new light 
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on the true significance of the much-debated 
Uluzzian industries of the Italian peninsula. As 
the authors point out, this evidence’ further 
weakens previously proposed arguments’””’ 
that European Neanderthals independently 
invented many distinctively ‘modern’ cultural 
features without any contacts with or input 
from intrusive modern human populations”. 

The most intriguing issue raised by Benazzi 
and colleagues’ new interpretation of the 
Uluzzian culture focuses on the demographic 
origins of the very early modern human 
populations in this extreme southern fringe of 
Europe, and is likely to generate lively debate 
amongst archaeologists and anthropolo- 
gists. If one assumes that the earliest modern 
human populations entered Europe through 
the Levantine corridor from Africa (as all the 
current genetic evidence suggests”’), then pre- 
sumably one must look to sites in the Near East 
for the immediate ancestors of the Uluzzian 
populations (Fig. 2). 

The most relevant site in this context is Ksar 
Akil, Lebanon, where occasional ‘crescentic’ or 
‘lunate’ forms of stone tools characteristic of 
the Italian Uluzzian industries have been found 
in archaeological levels associated with some 
of the earliest modern human occupations”. 
Similar forms are also recorded in several 
rather earlier (about 50,000-60,000 years Bp) 
sites in East Africa’, from which the initial 
dispersal of modern humans from Africa to 
Eurasia is generally agreed to have derived. 
Intriguingly, an analogous, pre-Aurignacian 
dispersal of modern humans into parts of 
Central Europe from a Near Eastern source 
may also have occurred: tool assemblages 
belonging to the Bohunician and Bacho-Kirian 
cultures”’® have been discovered at sites such 
as Bacho-Kiro and Temnata in Bulgaria, and 
at Bohunice and Stranska Skala in the eastern 
Czech Republic, with radiocarbon dates of 
broadly similar age to those of the Uluzzian 
levels at the Grotta del Cavallo. 

In any event, the unexpectedly early dating 
of anatomically modern human remains in 
Italy’ poses challenging questions for future 
studies of the earliest dispersal of modern 
humans into the more southerly, Mediter- 
ranean fringes of Europe. Exactly where did 
these populations originate? What demo- 
graphic or climatic factors propelled their 
expansion from east to west? And how did 
they successfully displace the immediately 
preceding Neanderthal populations in the 
Italian peninsula and elsewhere? But for now, 
the two papers” published in this issue effec- 
tively demonstrate how new techniques and 
analyses can radically change previously held 
views on the character and timing of the earliest 
modern human colonization of Europe. = 
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Europa awakening 


Brines percolating in the icy crust of Jupiter’s moon Europa may be responsible 
for the satellite’s enigmatic chaotic terrains. A new model predicts that one such 
terrain is currently forming over shallow subsurface water. SEE LETTER P.502 


LASZLO P. KESZTHELYI 


n page 502 of this issue, Schmidt and 

colleagues’ posit that Europa, one 

of the four large satellites of Jupiter, 
is currently geologically active*. This result 
could profoundly affect the future explora- 
tion of Europa, which is consistently NASA's 
top target for robotic exploration in the outer 
Solar System”. With an ocean of liquid water 
roughly twice the volume of Earth’s oceans 
lying beneath an icy crust, Europa is the most 
obvious place to search for extraterrestrial 
life’*. Although the ultimate goal of exploring 
Europa is to sample the ocean, the next space 
mission is focused on gauging the thickness of 
the frozen carapace that another mission will 
need to pierce. The overwhelming majority of 
researchers agree that the ice crust is approxi- 
mately 20 + 10 kilometres thick**; however, 
the appearance of an unresolved controversy is 
maintained by a handful of studies that suggest 
the crust is only a few kilometres thick”*. This 
debate has remained frozen by the absence of 
new observational constraints since the demise 
of the Galileo orbiter in 2003. 

Schmidt and colleagues’ shake this impasse 
by coupling insights from terrestrial glacial 
processes with refined analyses of the Gali- 
leo data. The authors did not discover a place 
on Earth that mimics the alien conditions of 
Europa. Instead, they built on a new recog- 
nition of the role of brines (salt water) along 
the margins of the Antarctic ice sheet and 
improved understanding of the movement 
of water and ice in response to subglacial vol- 
canic eruptions. Specifically, salt water can 
flow through fractures in ice, transporting 
significant volumes of both water and dis- 
solved minerals over large distances. When 


*This article and the paper’ under discussion were 
published online on 16 November 2011. 


these brines do eventually freeze, material has 
been redistributed and the stresses within the 
ice have been rearranged. Also, an investiga- 
tion’ of subglacial eruptions in locations such 
as Iceland showed that the stresses around a 
small body of liquid water within a large body 
of ice serve to keep the liquid confined in a 

discrete, subsurface, lens-shaped region. 
Combining these ideas, Schmidt et al.’ 
propose a model for the formation of 
‘chaos terrain’ on Europa. A chaos is a discrete 
patch of the surface consisting of disrupted 
crustal blocks that 
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planetary science plume of warm 
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austerity and : up toa layer of salty 
fewer new data. ice that has a lower 


melting tempera- 
ture. When this salty ice melts, there is a reduc- 
tion in its volume and the surface collapses. 
The resulting fractures are filled with brine 
that eventually freezes and expands, uplift- 
ing the matrix between large collapsed crustal 
blocks. This model fits the available obser- 
vations better than previous models. Most 
interestingly, it suggests that the chaos at a sur- 
face feature on Europa known as Thera Macula, 
which is about 100 kilometres in diameter, is 
currently forming over liquid brine existing 
within a few kilometres of the surface. 

The authors’ suggestion’ that Europa 
has internal processes that are active today 
is important for many different reasons. 
Although previous studies have shown that 
the surface of Europa is geologically young, 
with an average age of around 30 million to 
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70 million years old’®, current geological activ- 
ity has not been detected”. If active, Europa 
would be in the exclusive company of Earth, 
Jupiter's moon Io and Saturn’s moon Encela- 
dus. The activity observed on Mars, Saturn's 
moon Titan and Neptune’s moon Triton 
seems to be driven by solar energy rather than 
internal heat. 

Furthermore, Schmidt and colleagues’ study 
provides an important target for future mis- 
sions to Europa. If their model is correct, Thera 
Macula should have changed markedly in the 
decades between Galileo and the next mission 
to Europa. Such changes would mark a loca- 
tion that has a pocket of water at a depth that 
is much more accessible than the underlying 
main ocean. 

As a final note, this study could well be a 
blueprint for how breakthroughs in planetary 
science will continue even in a period of 
fiscal austerity and fewer new data. There 
is still much to be done to extract informa- 
tion from older data and then convert that 
into scientific understanding. For example, 
the addition of topographic information to 
two-dimensional surface images and the 
spectroscopic identification of minerals have 
often proved invaluable in choosing between 
different models for subsurface processes. 
However, because the derivation of topography 
and mineralogy from the available data is still 
complex and time-consuming, a vast treasure 
trove has yet to be mined. 

Similarly, the days of making discoveries by 
simply visually comparing features on Earth 
with extraterrestrial ones are probably draw- 
ing to a close. Instead, as in this study, it will be 
essential to understand fundamental processes 
on Earth and then extrapolate to how these 
processes interact in an alien setting. Thus, 
in many ways, Schmidt and colleagues’ work 
could well be illuminating the path for future 
exploration of not just Europa but the wider 
Solar System. m 
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The genome of Tetranychus urticae 
reveals herbivorous pest adaptations 
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The spider mite Tetranychus urticae is a cosmopolitan agricultural pest with an extensive host plant range and an 
extreme record of pesticide resistance. Here we present the completely sequenced and annotated spider mite 
genome, representing the first complete chelicerate genome. At 90 megabases T. urticae has the smallest sequenced 
arthropod genome. Compared with other arthropods, the spider mite genome shows unique changes in the hormonal 
environment and organization of the Hox complex, and also reveals evolutionary innovation of silk production. We find 
strong signatures of polyphagy and detoxification in gene families associated with feeding on different hosts and in new 
gene families acquired by lateral gene transfer. Deep transcriptome analysis of mites feeding on different plants shows 
how this pest responds to a changing host environment. The T. urticae genome thus offers new insights into arthropod 
evolution and plant-herbivore interactions, and provides unique opportunities for developing novel plant protection 


strategies. 


Mites belong to the Chelicerata, the second largest group of terrestrial 
animals. Chelicerates represent a basal branch of arthropods. 
Subsequent to their origin in the Cambrian period, arthropods 
radiated into two lineages: the Chelicerata and the Mandibulata (com- 
prising the Myriapoda and the Pancrustacea (which includes both 
crustaceans and insects))'*. Extant lineages of chelicerates include 
Pycnogonida, Xiphosura (horseshoe crabs) and Arachnida (a large 
group comprising scorpions, spiders and the Acari (ticks and 
mites))** (Supplementary Fig. 1.1). Within the Acari, T. urticae 
belongs to the Acariformes with the earliest fossils dating from the 
Lower Devonian period (410 million years ago). The Acari represent 
the most diverse chelicerate clade, with over 40,000 described species 
that exhibit tremendous variations in lifestyle, ranging from parasitic 
to predatory to plant-feeding. Some mites are of major concern to 


human health and include allergy-causing dust mites, scabies mites 
and mite vectors of scrub typhus’. 

The two-spotted spider mite, Tetranychus urticae, is a cosmopolitan 
agricultural pest® belonging to an assemblage of web-spinning mites. 
The name ‘spider’ highlights their ability to produce silk-like webbing 
used to establish a colonial micro-habitat, protect against abiotic 
agents, shelter from predators, communicate via pheromones and 
provide a vehicle for dispersion’. 

Tetranychus urticae represents one of the most polyphagous 
arthropod herbivores, feeding on more than 1,100 plant species 
belonging to more than 140 different plant families including species 
known to produce toxic compounds. It is a major pest in greenhouse 
production and field crops, destroying annual and perennial crops 
such as tomatoes, peppers, cucumbers, strawberries, maize, soy, 
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apples, grapes and citrus. The recent introduction of the related 
species Tetranychus evansi to Europe and Africa from South 
America demonstrates the invasive nature of these pests in global 
agriculture®. Computer modelling suggests that with intensifying 
global warming, the detrimental effects of spider mites in agriculture 
will markedly increase? due to accelerated development at high 
temperatures. 

Tetranychus urticae is known for its ability to develop rapid resist- 
ance to pesticides. Among arthropods it has the highest incidence of 
pesticide resistance’®. Chemical control often causes a broad cross- 
resistance within and between pesticide classes, resulting in resistance 
to novel pesticides within 2-4 years. Many aspects of the biology of 
the spider mite, including rapid development, high fecundity and 
haplo-diploid sex determination, seem to facilitate rapid evolution 
of pesticide resistance. Control of multi-resistant mites has become 
increasingly difficult and the genetic basis of such resistance remains 
poorly understood". 

As the first completed chelicerate genome, the comparison of the 
T. urticae genome with the genomes of insects and the crustacean 
Daphnia pulex expands the arthropod genetic toolkit. At the same 
time, the very compact T. urticae genome has unique attributes 
among arthropod genomes with remarkable instances of gene gains 
and losses. The completion of the T. urticae genome sequence opens 
new avenues for understanding the fundamentals of plant-herbivore 
interactions, developing novel pest-management strategies and pro- 
ducing new biomaterials on the nanometre scale. 


The small genome of T. urticae 


The T. urticae genome (strain London) was sequenced (Sanger) to 
8.05X coverage and assembled into 640 scaffolds covering 89.6 
megabases (Mb) (Supplementary Notes 1, 2.1 and 2.2). 70,778 
Sanger expressed sequence tag (EST) sequences from embryos, larvae, 
nymphs and adults were generated, and further complemented with 
RNA-seq data on matching samples (Supplementary Note 2.3). We 
identified 18,414 protein-coding gene models, of which 84% (15,397) 
are supported by EST (8,243), protein homology (11,433) and/or 
RNA-seq data (14,545) (Supplementary Note 2.4 and Supplemen- 
tary Fig. 2.4.1). From alignments of ~43-million paired-end 
Illumina reads from a second T. urticae strain (Montpellier) to the 
London sequence, 542,600 single nucleotide polymorphisms and 
small indels were predicted (Supplementary Note 2.5). The complete 
genome annotation of T. urticae is available at the BOGAS website’”. 
With an estimated genome size of about 90 Mb, the T. urticae genome 
is the smallest arthropod genome sequenced so far. The genomes of 
other chelicerates are much larger (565-7,100 Mb), with the un- 
finished genome of the tick Ixodes scapularis estimated at 
2,100 Mb??. Multiple characteristics of the T. urticae genome correlate 
with its compact size: small transposable element content and micro- 
satellite density, increased gene density and holocentric chromo- 
somes (see Supplementary Note 3.1 for chromosomal features). 
Transposable elements totalled 9.09 Mb (Supplementary Note 3.2), 
putting T. urticae together with D. pulex and Apis mellifera as arthropods 
with 10% or less of their genomes comprised of transposable elements. 
Long terminal repeat (LTR) retrotransposons, and in particular Gypsy- 
like elements, were the most abundant type of transposable elements. 
L1-like Long interspersed elements (LINEs), Tcl/Mariner-like DNA 
transposons, and Maverick (Polinton) elements were also detected 
(see Supplementary Table 3.2.1). Deep sequencing of small RNAs 
(~19-30 nucleotides) across developmental stages (Supplementary 
Note 4.1) identified 226,829 unique RNAs that mapped to 676,266 
different loci in the genome. The number of unique small RNA counts 
per size category shows a peak at 21 and 26 nucleotides. These two peaks 
include short interfering RNAs and Piwi-interacting RNAs, respectively, 
similar to what is observed in Drosophila melanogaster’. Their align- 
ments to the genome indicate that both probably silence diverse trans- 
posable elements. Included among ~21-nucleotide small RNAs are 52 
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predicted microRNAs (miRNAs). On the basis of the identity of their 
seed regions (nucleotides 2-7 of the miRNA sequence), the T. urticae 
miRNAs can be grouped into 43 families (Supplementary Note 4). Half 
of the predicted miRNAs were not conserved when compared to 
annotated miRNAs and available genomes of other arthropods", sug- 
gesting that they might be T. urticae- or lineage-specific (Supplemen- 
tary Tables 4.3.1-4.3.4). 

The microsatellite density in the T. urticae genome is among the 
lowest observed for arthropods (Supplementary Note 3.3 and 
Supplementary Fig. 3.3.1), consistent with the expectation that repeat 
content of genomes typically scales with genome size. The T. urticae 
microsatellite classes have a distinct profile: mono-nucleotide repeats 
are virtually non-existent, and di-nucleotide repeats, normally the 
most abundant type of microsatellites, are found significantly less 
often than tri-nucleotides, as in Tribolium castaneum'’. The gene 
density is twice as high compared to D. melanogaster, with 205 versus 
92 genes per Mb, respectively. The mean number of exons per gene 
was low and similar to that found in D. melanogaster (~3.8 exons per 
gene). The size distribution of introns was typically skewed with a 
mean intron size of 400 bp and a median of 96 bp (see Supplementary 
Note 3.4, Supplementary Fig. 2.4.3 and Supplementary Table 2.4.1). 
The holocentric nature of T. urticae chromosomes’’ (the absence of 
centromeres and the diffuse nature of the kinetochores) is correlated 
with a lack of large tracts of gene-poor heterochromatin. The uniformly 
distributed gene density (Supplementary Note 3.1.1 and Supplementary 
Fig. 3.2.1) contrasts with the human body louse (Pediculus humanus, 
Phthiraptera, a hemimetabolous insect with a small genome), where 
95% of the genes are concentrated in only 55 Mb of the 110-Mb 
genome”. 


Comparative genomics 

As the first completely sequenced and annotated chelicerate genome, 
the T. urticae genome expands the set of arthropod genomes beyond 
Pancrustacea and provides an important out-group for comparative 
genomics. Comparison of the coding gene repertoire of T. urticae with 
the arthropods T. castaneum, D. melanogaster, Nasonia vitripennis and 
D. pulex, the chordate Homo sapiens, and the cnidarian Nematostella 
vectensis (Fig. 1) resulted in 2,667 shared gene families (Supplementary 
Note 5.1). Almost 3,000 gene families are common to the arthropods 
sampled, whereas 5,038 gene families (8,329 genes) are unique to 
T. urticae (Supplementary Fig. 5.1.1). Of those, 622 gene families 
(1,398 genes) have homologues in species other than those listed above, 
most of which belong to other arthropods. Homologues of 74 gene 
families (93 genes) were found in the unfinished genomes of tick’ and/ 
or Varroa destructor’? and are probably chelicerate, rather than specific 
to T. urticae. Therefore, 4,416 gene families (6,609 genes) were found 
to be unique to T. urticae. A gene gain/loss analysis (Fig. 1 and 
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Figure 1 | Gene family history. At each time point (grey circles), the number 
of gains (+) and losses (—) of gene families is indicated as inferred by DOLLOP 
(black) and CAFE (red) programs. The inferred ancestral number of gene 
families, according to DOLLOP, is shown in green boxes. 
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Supplementary Note 5.2) of these genomes showed a gain of about 700 
new gene families in the lineage leading to T. urticae, plus almost 4,300 
genes that are single copy (orphans). More than 1,000 gene families, 
still present in other arthropods, were lost in T. urticae. The 58 gene 
families that are significantly (z-score >2) expanded in 
T. urticae compared to the other arthropods are shown in Supplemen- 
tary Note 5.2 and Supplementary Fig. 5.2.1. 


Feeding and detoxification 

Tetranychus urticae is one of the most striking examples of polyphagy 
among herbivores and it has an unmatched ability to develop resist- 
ance to pesticides®"®. We discovered that known gene families impli- 
cated in digestion, detoxification and transport of xenobiotics had a 
unique spider mite composition, and were often expanded when 
compared to insects (Supplementary Note 6.1). This included a three- 
fold proliferation of cysteine peptidase genes, particularly C1A papain 
and the C13 legumain genes (Supplementary Table 6.1.11), consistent 
with proteolytic digestion based mostly on cysteine peptidase 
activity”. Eighty-six cytochrome P450 (CYP) genes were detected 
in the T. urticae genome, a total number similar to insects but with 
an expansion of T. urticae-specific intronless genes of the CYP2 clan 
(Supplementary Table 6.1.2). The carboxyl/cholinesterases (CCEs) 
gene family contained 71 genes, with a single acetylcholinesterase 
gene (Ace1) but two new clades at the root of the neurodevelop- 
mental class of CCEs, representing 34 and 22 CCEs, respectively 


Log, fold change 


Log, fold change 


Figure 2 | Gene expression changes when mites are shifted from P. vulgaris 
(bean) to A. thaliana or to S. lycopersicum (tomato). a, A phylogeny of the 
cytochrome P450 (CYP) genes and heat map of the response of CYP genes to 
host transfer. Two-thirds of the genes that are tandemly duplicated or that form 
clusters (indicated by black vertical lines) are co-regulated. b, Global changes in 
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(Supplementary Table 6.1.6). A notable case of expansion was found 
within the family of 32 glutathione S-transferases (GSTs) that include 
a group of 12 Mu-class GSTs that were, until now, believed to be 
vertebrate-specific (Supplementary Table 6.1.3). Finally, we discovered 
39 multidrug resistance proteins belonging to the ATP-binding 
cassette (ABC) transporters (class C). The repertoire from this 
class of ABC transporters far exceeds the number (9-14) found in 
crustaceans, insects, vertebrates and nematodes (Supplementary 
Table 6.1.8). Few of the genes involved in detoxification had close 
insect homologues, and only four of the CYP genes could clearly be 
assigned as orthologues of insect and crustacean CYP genes. 

The involvement of these gene families and their spider-mite- 
specific expansion in host plant adaptation is markedly illustrated 
by RNA-seq transcriptome profiling of spider mite feeding on its 
preferred host, bean (Phaseolus vulgaris), and on hosts to which the 
London strain is not adapted: Arabidopsis thaliana and tomato 
(Solanum lycopersicum) (Fig. 2) (Supplementary Notes 6.2). We 
found 24% of all genes to be differentially expressed upon host transfer 
(Fig. 2a—c); relative to bean, more genes were differentially expressed 
on tomato than on A. thaliana (Supplementary Note 6.2.4 and 
Supplementary Fig. 6.2.1), but responses were nonetheless correlated 
(Fig. 2b, c). Genes in the detoxification and peptidase families exhibited 
the most profound changes (Fig. 2a—c), with expression of nearly half 
of P450 genes affected by the host plant, including 19 of 39 genes in the 
intronless CYP392 family and the CYP389 family. These subfamilies 
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are spider-mite-specific P450 expansions that define lineage-specific 
expansions”. This finding is unprecedented. In humans, only up to 
one-third of P450 genes are metabolizing xenobiotics”, and in 
D. melanogaster only one-third of the CYP genes are inducible by 
xenobiotics”. The proportion of P450 genes responding to the chemical 
environment is much greater in the spider mite. Similar patterns were 
also found within other families (Fig. 2c). For GSTs and CCEs, the 
expression of Mu and Delta GSTs and the two spider-mite- 
specific CCE clades were most affected and about one-third of cysteine 
peptidases, the C1A papains and C13 legumains, were overexpressed 
after transfer to tomato. More than two-thirds of the CYP and GST 
genes affected by the host plant are present in clusters of (multiple) 
tandem duplicated genes. Co-regulation of the majority of tandem 
duplicates strongly indicates that the ancestral gene was already 
plant-responsive before duplication, and that a role in plant adaptation 
may have favoured duplicate retention. 

Although these data indicate that spider-mite-specific expansion of 
known gene families contributes to the ability of spider mites to 
overcome host defences, many genes differentially regulated upon 
host transfer lack homology to genes of known function. Notably, 
among those with the most extreme expression fold-changes are genes 
that encode putative secreted proteins or lipid-binding proteins. 
Understanding extracellular binding and transport of small ligands 
is therefore likely to be important in further dissecting spider mite- 
plant interactions. 


Lateral gene transfer 


Our search for genes related to detoxification and digestion also 
revealed the existence and surprising expansion of intradiol ring 
cleavage dioxygenases, genes previously unreported from metazoan 
genomes but characteristic for bacteria and fungi**. We annotated 16 
functional genes in this family in T. urticae, whereas bacterial 
genomes usually carry only 1 to 7. They have an average sequence 
similarity of 43% with the homologue of Streptomyces avermitilis and 
share the conserved 2 His 2 Tyr non-haem iron(t1) binding site. These 
dioxygenases might have evolved to metabolize aromatic compounds 
found in plant allelochemicals. Other clear instances of lateral gene 
transfers include (1) the presence of a cobalamin-independent 
methionine synthase (MetE) gene with four predicted introns and 
up to 58% sequence identity to the MetE gene of soil Bacilli (this 
sequence has not previously been reported in any animal species); 
(2) two very similar levanase-encoding genes of probable bacterial 
origin that encode secreted exo-fructosidases upregulated upon feed- 
ing on tomato; and (3) a cyanate lyase-encoding gene that might be 
involved in feeding on cyanogenic plants (Supplementary Table 
6.3.1). 

We detected two clusters of carotenoid biosynthesis genes in 
T. urticae representing homologues of genes from zygomycete fungi 
and aphids. The latter are the only animal carotenoid biosynthesis 
genes known so far, thought to be derived from fungal genes by lateral 
gene transfer**. The unique intron-exon structure of the spider mite 
and aphid genes and their clustering in phylogenetic analyses is strong 
evidence that the genes from fungi were transferred only once to 
arthropods (Fig. 3). The sequence and orientation of the two spider 
mite clusters indicate that they are the result of an ancient transfer 
followed by duplications, rearrangements and divergence. They also 
suggest that a second, more recent transfer occurred between a spider 
mite and an aphid ancestor, although the sequence of the two transfers 
remains speculative. Carotenoids are known to have a role in diapause 
induction in spider mites”® and our findings indicate that they can also 
synthesize them. 


Ponasterone A as moulting hormone 


Ecdysteroid control of moulting is one of the defining features of 
arthropods. We detected gene orthologues coding for ecdysteroid 
biosynthesis enzymes (Supplementary Table 7.1.1)*'. Surprisingly, 
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Figure 3 | Maximum likelihood phylogeny of the fungal and arthropod 
carotenoid cyclase/synthase (CS) fusion proteins. The out-group comprises 
chimaeric assemblies (CSchim) of the closest bacterial sequences of cyclases 
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right panel). Two clusters of carotenoid biosynthesis genes are found in T. 
urticae: a tail-to-tail arrangement on scaffold 1 as seen in zygomycetes and 
aphids, and a more complex head-to-head (re)arrangement on scaffold 11 
(bottom right). 


the T. urticae genome lacks two P450 genes, CYP306Al and 
CYP18A1, encoding, respectively, the biosynthetic C25 hydroxylase 
and a C26 hydroxylase/oxidase involved in hormone inactivation. 
The absence of CYP306A1 indicates that the spider mite uses the 
ecdysteroid 25-deoxy-20-hydroxyecdysone (ponasterone A) as the 
moulting hormone, instead of the typical arthropod 20E. This was 
confirmed by biochemical analysis of spider mite extracts by HPLC- 
enzyme immunoassay and liquid chromatography/mass spectro- 
metry that identified ponasterone A (Supplementary Note 7). 
CYP306AI1 and CYPI8A1 form a head-to-head cluster in all insect 
and crustacean genomes studied so far, therefore their absence from 
the T. urticae genome indicates that they were lost together, affecting 
both biosynthesis and inactivation pathways of the spider mite moult- 
ing hormone. Ponasterone A has been previously identified in some 
decapod crustaceans, albeit always coincident with 20E (ref. 27), and it 
is a high potency ligand of all known ecdysteroid receptors. 


Reduced Hox cluster 


Hox genes are a conserved set of homeobox-containing transcription 
factors typically found clustered within the genome and used to establish 
region-specific identity during early development. The body plan of 
mites consists of an anterior prosoma and posterior opisthosoma and 
is further distinguished by an extremely reduced body plan presumably 
achieved through the fusion of segments (Supplementary Note 8 and 
Fig. 4b). The ancestral arthropod is predicted to have a Hox cluster with 
10 genes”. The T. urticae genome contains 8 of the canonical 10 genes. 
The ftz gene is present in duplicate, in two closely linked copies; ortho- 
logues of Hox3 and abdominal A (abdA) were not found (Fig. 4a). This 
is unusual among chelicerates: all 10 canonical Hox genes are present in 
the wandering spider*’. The absence of abdA in T. urticae correlates 
with the spider mite’s reduced opisthosomal segmentation. Consistent 
with the absence of abdA and a reduced opisthosoma, only two opistho- 
somal stripes of the segment polarity gene engrailed (typically expressed 
in each arthropod segment) are detected in the developing embryo 
(Fig. 4c), in contrast to five engrailed stripes detected in the opisthosoma 
of the wandering spider*®. Although numerous examples correlate mor- 
phological variation in arthropods with changes in Hox gene expres- 
sion, this is the first example that correlates morphological evolution 
with the loss of a Hox gene within a fully sequenced Hox cluster. 


Nanometre dimensions of T. urticae silk 

Silk production in spider mites (Fig. 5a, b and Supplementary Note 9) 
represents a de novo evolution of silk-spinning relative to silk production 
in spiders’. Spiders typically spin silk from a complex glandular 
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Figure 4 | Comparative organization of Hox clusters and expression pattern 
of the T. urticae engrailed gene. a, T. urticae, T. castaneum and D. 
melanogaster Hox clusters. Gene sizes and intergenic distances are shown to 
scale. Dashed lines represent breaks in the cluster >1 Mb. In T. urticae, fushi 
tarazu and Antennapedia are present in duplicate whereas abdominal-A and 
Hox3/zerknullt are missing (red asterisk). b, Variable pressure scanning 
electron microscopy (SEM) image of adult T. urticae with two main body 
regions indicated: P, prosoma; O, opisthosoma. c, T. urticae engrailed (en) 
expression pattern. en transcripts are detected in five prosomal stripes that 
correspond to future pedipalpal (Pp), four walking leg (L1-L4) and two 
opisthosomal (O1 and O2) segments. Scale bars: b, 0.125 mm; ¢, 40 jum. 


abdominal spinneret, whereas T. urticae uses paired silk glands con- 
nected to the mouth appendages (pedipalps)*". Seventeen fibroin genes 
were uncovered in the genome of T. urticae (Supplementary Table 
9.1.1) encoding fibroins of unusually high (27-39%) serine content. 
We performed mechanical testing on fibres deposited by adult and 
larval mites with an atomic force microscope. This technique measures 
the Young’s modulus of the fibres, which is the ratio of applied stress 
(tension per cross-sectional area) to the resulting strain (fractional 
change in length) and describes the stiffness of the material. Young’s 
modulus was higher than or comparable to other natural materials (see 
Supplementary Table 9.1.2), but T. urticae silk fibres are thinner— 
54+ 3nm (adult silk, Fig. 5c) and 23.3 + 0.9 nm (larval silk), that is, 
435-185 times thinner—than the silk fibres of the spider Nephila 
clavipes”. 


Concluding remarks 


Our analysis of the T. urticae genome also included nuclear receptors 
and neuropeptide genes, immunity-related genes and RNA interfer- 
ence, cuticle protein genes, and DNA methylation (Supplementary 
Notes 7.3 and 10-12). 

The first complete genome ofa chelicerate species provides the oppor- 
tunity for a detailed phylogenomic analysis of arthropods, the most 
diverse group of animals on Earth. The T. urticae genome illustrates 
the specialized life history of this polyphagous herbivorous pest. 
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Figure 5 | T. urticae silk structure and dimensions. a, Spider mite colony on 
a bean plant forming characteristic silk webbing. b, SEM image of the spider 
mite larval silk filament (top), and atomic force microscopy (AFM) image of 
two larval spider mite silk filaments (bottom). c, Height profile of the adult 
spider mite silk filament obtained from the AFM image. Scale bars: a, 0.75 cm; 
b, 1 um. 
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Striking gene gains include lineage-specific expansions within detoxi- 
fication gene families and lateral transfer of genes from fungi and 
bacteria that further expanded in T. urticae. The functional signifi- 
cance of these innovations is supported by the upregulation of many 
of these genes in response to feeding on less preferred host plants. 
The genome of the two-spotted spider mite, together with the 
favourable biological features of the spider mite as a laboratory model 
including short generation time, easy rearing and tools for gene ana- 
lysis and gene silencing”’, provide a novel resource for agriculture that 
should allow the dissection of pest-plant interactions and develop- 
ment of alternative tools for plant protection. Finally, evolutionary 
innovation in the process of T. urticae silk production expands the 
repertoire of potential chelicerate biomaterials (such as the well- 
known spider silk) with a natural biomaterial at the nanometre scale. 


METHODS SUMMARY 


All genomic sequencing reads were collected with standard Sanger sequencing 
protocols. RNA sequencing was performed with Illumina RNA-seq protocols. 
Annotation of the T. urticae genome was done using the gene prediction platform 
EuGene. The complete genome annotation is available at http://bioinformatics. 
psb.ugent.be/webtools/bogas/. The T. urticae (London) genome project was 
registered under the INSDC project ID 71041. 
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Neuronal filtering of multiplexed odour 


representations 


Francisca Blumhagen'+*, Peixin Zhu'*, Jennifer Shum!+*, Yan-Ping Zhang Schirer', Emre Yaksi?, Karl Deisseroth? 
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Neuronal activity patterns contain information in their temporal structure, indicating that information transfer between 
neurons may be optimized by temporal filtering. In the zebrafish olfactory bulb, subsets of output neurons (mitral cells) 
engage in synchronized oscillations during odour responses, but information about odour identity is contained mostly in 
non-oscillatory firing rate patterns. Using optogenetic manipulations and odour stimulation, we found that firing rate 
responses of neurons in the posterior zone of the dorsal telencephalon (Dp), a target area homologous to olfactory cortex, 
were largely insensitive to oscillatory synchrony of mitral cells because passive membrane properties and synaptic 
currents act as low-pass filters. Nevertheless, synchrony influenced spike timing. Moreover, Dp neurons responded 
primarily during the decorrelated steady state of mitral cell activity patterns. Temporal filtering therefore tunes Dp 
neurons to components of mitral cell activity patterns that are particularly informative about precise odour identity. 
These results demonstrate how temporal filtering can extract specific information from multiplexed neuronal codes. 


The temporal structure of neuronal activity patterns contains 
information that may be retrieved by temporal filtering operations’ ®. 
Oscillatory synchronization has been implicated in sensory and cog- 
nitive processing based on the assumption that synchronization 
enhances the impact of neuronal ensembles on their targets**”*. 
Indeed, coincidence detection is a generic neuronal filtering operation 
that can be further supported by active conductances and synaptic 
microcircuits. However, few studies have directly demonstrated the 
impact of synchrony on neuronal responses in the intact brain’. 
Moreover, information can also be encoded by other temporal fea- 
tures of population activity patterns®’*”, and the information trans- 
mitted during a sensory response can change over time*’*. The 
retrieval of information from neuronal activity patterns thus depends 
on temporal filters that tune higher-order neurons to specific tem- 
poral structure in their input. Filtering is particularly important when 
different temporal features simultaneously transmit distinct messages 
(multiplexing)'*>*. 

We explored temporal filtering during transformations of spatio- 
temporal activity patterns in the olfactory system of zebrafish. Odours 
stimulate combinations of mitral cells in the olfactory bulb, which 
project to multiple higher brain areas. In zebrafish, mitral cell activity 
patterns are dynamically reorganized during the initial phase of an 
odour response before they approach a steady state*??****. After 
approximately 400 ms, two important consequences of this reorgan- 
ization emerge (Supplementary Fig. 1)?*. First, odour-dependent sub- 
sets of mitral cells rhythmically synchronize their action potentials at 
a frequency near 20 Hz. Activity patterns across synchronized mitral 
cells are highly correlated in response to similar odours and contain 
information about molecular categories, but they are not well suited 
for precise odour identification. Second, patterns of non-synchronized 
spikes become decorrelated and informative about precise odour iden- 
tity. Mitral cell activity patterns in the steady state therefore simulta- 
neously convey information about complementary stimulus features”. 
Extracting information from these multiplexed activity patterns 


depends critically on temporal filtering by their targets. Precise odour 
identity could be efficiently decoded from late activity patterns across 
non-synchronized mitral cells, but this may be complicated by syn- 
chronized mitral cell ensembles as synchronization can have a strong 
impact on target neurons. 


Optogenetic manipulation of synchrony 


We first used an optogenetic approach to examine the impact of syn- 
chrony among mitral cells on neuronal responses in the posterior zone 
of the dorsal telencephalon (Dp), a major target of the olfactory bulb 
that is homologous to olfactory cortex*®’’. In transgenic zebrafish 
expressing channelrhodopsin-2 (Chr2)**” in sensory afferents”, 
patterns of blue laser light were projected onto the ventral olfactory 
bulb using a digital micromirror device (DMD). Each of the 
1,024 768 mirrors in the DMD was controlled independently with 
submillisecond temporal resolution. Light patterns consisted of dis- 
tributed active squares (50 X 501m” or 20 X 20 pm’; Fig. la and 
Supplementary Fig. 2). Activation of individual squares near a mitral 
cell for 5 ms evoked depolarizations up to 10 mV and action potential 
firing (Supplementary Fig. 3). In a stimulus pattern, each mirror within 
an active square was switched on for 5ms at a mean event rate of 
20 Hz. Synchrony among pixels was then varied by periodically modu- 
lating the probability of events at a common carrier frequency of 20 Hz 
(Supplementary Fig. 4 and Supplementary Movies 1 and 2). Synchrony 
was quantified by a synchronization index, S, that ranges between zero 
(independent Poisson-distributed events) and infinity (perfectly syn- 
chronous events; Supplementary Fig. 4). 

Mitral cells responded robustly to optical stimulation. As S was 
increased (S = 0, 1, 10, %), 20 Hz oscillatory fluctuations emerged in 
the membrane potential of individual neurons (Fig. 1a), as well as in 
averaged recordings (Fig. 1b-d; n = 161 responses of 49 mitral cells 
from 13 fish at each S; 3.4+ 1.1 trials per stimulus; mean = s.d.) 
and in the local field potential (LFP; Fig. 2 and Supplementary Fig. 5). 
The overall magnitude and time course of the mitral cell response, 
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Figure 1 | Optogenetic manipulation of mitral cell synchrony and its effect 
on Dp neurons. a, Schematic illustration of optical stimulation in the olfactory 
bulb (OB) and responses of a mitral cell to the same spatial pattern at two 
different synchronies S. b, Mean membrane potential (V,,) response of mitral 
cells to the same optical stimulus patterns presented at four different 
synchronies S (m = 161 stimuli in 49 mitral cells at each S). Action potentials 
were removed before averaging by median filtering. c, Mean membrane 
potential change during the first second of optical stimulation as a function of 
synchrony. d, Power spectrum of the membrane potential, averaged over trials 


however, remained nearly constant (Fig. 1b, c). Similarly, increasing S 
strongly enhanced oscillatory synchronization of firing rate responses, 
with minimal effects on the magnitude and overall time course 
(Fig. le-g). Optical stimulation therefore allowed us to selectively 
modulate oscillatory synchrony among mitral cells. 

We then stimulated the olfactory bulb with the same light patterns 
while recording from different types of Dp neurons (Fig. 1h and 
Supplementary Fig. 6). Dp neurons had low spontaneous activity 
(0.1 + 0.5 Hz; mean + s.d.) and usually responded to optical stimu- 
lation with a depolarization, but only a minority of responses were 
suprathreshold (77 out of 372 neuron-stimulus pairs; 21%). The 
mean membrane potential change and overall response time course 
were not substantially affected by synchrony (Fig. li, j; n = 94 res- 
ponses of 34 Dp neurons from 10 fish at each S). Unlike in the olfact- 
ory bulb, increasing synchrony did not produce prominent 
oscillations in the membrane potential (Fig. 1h, i) or in the LFP 
measured in Dp (Fig. 2 and Supplementary Fig. 5). Even when 
depolarizations were large and when synchrony was high, oscillatory 


a Optical stim. (S = ») 


ef Appin, 08 Alb 


aeons DP a yminrsetn 


Optical stim. (S = 0) 
0.1 mV 
1s 


sa tel 
gtr 


Figure 2 | Local field potential responses. a, Left: simultaneously recorded 
LFP responses in the olfactory bulb (OB; red) and Dp (blue) to optical 
stimulation with high synchrony (S = %; top) and no synchrony (S = 0; 
bottom). Right: LFP responses to odour stimulation (food extract; 5-40 Hz). 
b, Power spectra of LFP responses to optical stimulation with high synchrony 
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and neuron-stimulus pairs, during the first second of the response to optical 
stimulus patterns with different synchrony. Inset shows an enlargement around 
20 Hz. e-g, Time course of mean mitral cell firing rate, mean mitral cell firing 
rate during the first second, and average power spectrum of mitral cell firing 
rate in response to patterns with different synchrony. Continuous firing rate 
traces were generated by convolving action potential events with a Gaussian 
kernel (s.d. = 5 ms). h-n, Same analysis for responses of Dp neurons. Error bars 
show s.d. 


membrane potential fluctuations were small and occurred on top of a 
large, slow depolarization (Supplementary Fig. 7). Power spectral 
analysis revealed only a slight increase in membrane potential fluc- 
tuations at 20 Hz (Fig. 1k; note different scaling of inset). Action 
potential firing of Dp neurons did also not systematically depend 
on synchrony and showed no prominent 20 Hz oscillation at any level 
of synchronization (Fig. 1l-n). Moreover, switching synchrony from 
S=0 to S=~ during optical stimulation failed to evoke an obvious 
response (Supplementary Fig. 8). Nevertheless, spikes evoked by 
oscillatory input occurred around a preferred phase of the LFP oscil- 
lation in the olfactory bulb (Supplementary Fig. 9). Oscillatory syn- 
chrony can therefore influence the timing of action potentials in Dp, 
but it did not increase the overall depolarization and firing rates. 


Impact of synchrony on odour responses 

To examine the impact of synchrony on odour responses of Dp neurons 
we performed whole-cell recordings during stimulation with natural 
odours (food extracts and amino acid odours; n = 166 neuron—odour 
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(left; S = 2) and odour stimulation (right) in the olfactory bulb (red) and in Dp 
(blue). Power spectra were calculated for each trial and averaged over trials and 
stimuli (olfactory bulb, odour: n = 208 stimuli in 17 fish; Dp, odour: n = 20 
stimuli in 4 fish; olfactory bulb and Dp, optical: n = 16 stimuli in 4 fish). 
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pairs, 57 Dp neurons in 43 fish; mean number of repetitions per stimu- 
lus, 4.1 + 1.8). As observed previously”’, responses of Dp neurons were 
often depolarizing, but many remained subthreshold (Supplementary 
Fig. 10). Power spectral analysis showed no evidence for oscillatory 
modulation of the membrane potential, spiking activity, or LFP in Dp 
during odour stimulation (Fig. 2 and Supplementary Fig. 5). 

In 122 neuron-odour pairs (492 individual trials), we simulta- 
neously recorded the LFP oscillation in the olfactory bulb and com- 
pared it to membrane potential fluctuations of Dp neurons in the 
same frequency band (5-40 Hz; Fig. 3a). In some cases, a weak oscil- 
latory cross-correlation was observed (Supplementary Fig. 11); 
however, membrane potential fluctuations were substantially smaller 
than the slow depolarization. On average, the amplitude of membrane 
potential fluctuations (filtered 5 - 40 Hz) was 0.7 + 0.7 mV (mean + 
s.d.; mean maximal fluctuations, 2.4 + 1.9 mV). In the same neurons, 
the mean difference between the resting potential and action potential 
threshold was 27.7 + 5.9mV (Fig. 3b). The amplitude of the slow 
depolarization had a mean of 15.44 12.7mV (+s.d.) and varied 
substantially across neurons and odours (Fig. 3b). Spike output there- 
fore depended primarily on the magnitude of the slow depolarization, 
rather than on oscillatory fluctuations. Nevertheless, spikes of Dp 
neurons occurred around a preferred phase of the LFP oscillation in 
the olfactory bulb (Supplementary Fig. 9), indicating that oscillatory 
synchronization influenced action potential timing. 

To confirm further that oscillatory fluctuations are not the primary 
drive underlying action potentials, we compared subthreshold and 
suprathreshold responses of the same Dp neurons to different odours 
(Fig. 3c; n = 13 Dp neurons; 6.7 + 5.5 and 6.7 + 3.8 subthreshold and 
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Figure 3 | Spiking responses to odours in Dp are driven by slow 
depolarization. a, Simultaneous recording of LFP in the olfactory bulb (5- 
40 Hz; red) and membrane potential of a Dp neuron (dark blue) during odour 
stimulation (grey bar). Light-blue trace shows low-pass (5 Hz) filtered 
membrane potential. Bottom: comparison of membrane potential fluctuations 
(difference between original and low-pass filtered membrane potential) and 
LFP after band-pass-filtering (5-40 Hz) in a 500-ms time window. 

b, Amplitude of membrane potential fluctuations in the oscillatory frequency 
band (5-40 Hz; AVpiuct), amplitude of the slow depolarization (AVgjow) in the 
same trials, and difference between resting potential and spike threshold 

(AV ap) in mitral cells (MCs; left) and Dp neurons (right). Horizontal lines and 
error bars show mean = s.d. c, Left: subthreshold and suprathreshold responses 
of a Dp neuron to different odours (Arg, 100 uM, and mixture of Arg and Tyr, 
100 1M each). Right: mean amplitude of membrane potential fluctuations 

(+ s.d.) in the oscillatory frequency band (5-40 Hz; AVyjuct) and the slow 
depolarization (AVgjow) in subthreshold and suprathreshold responses of the 
same Dp neurons (n = 13). ***P<10 +. 
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suprathreshold trials per neuron, respectively). The magnitude of the 
slow component was, on average, 10.1 mV larger in suprathreshold 
responses than in subthreshold responses (15.5 + 10.7 mV versus 
25.6 + 12.0mV; P< 10°), whereas the mean amplitude of fluctua- 
tions in the 5-40 Hz band was only 0.3 mV larger (0.8 + 0.5 mV ver- 
sus 1.1 +0.5 mV; P< 10 *; Fig. 3c). Hence, oscillatory fluctuations 
did not substantially contribute to the overall depolarization under- 
lying action potential firing. 


Low-pass filtering mechanisms 


To explore why synchrony had no detectable effect on firing rates of 
Dp neurons we first measured their membrane time constants by step 
current injections. In randomly selected neurons, time constants were 
29 + 12ms (mean + s.d.; n = 27 neurons) and 45 + 18ms (n = 30 
neurons) in response to hyperpolarizing and depolarizing steps, 
respectively (Fig. 4a). In neurons expressing GFP from the promoter 
of the vesicular glutamate transporter 2a, a marker for glutamatergic 
neurons, time constants were 67 + 43 ms and 79 + 24 ms after hyper- 
polarizing and depolarizing pulses, respectively (n = 14 each; GFP- 
negative neurons, 33 + 13 ms and 41 + 14ms, n =5 each; P< 0.01; 
Fig. 4a). These time constants are long compared to the temporal 
precision of spike synchronization in the olfactory bulb™ and to the 
period of the oscillation. Passive membrane properties of Dp neurons 
therefore support low-pass filtering rather than coincidence detec- 
tion, particularly in glutamatergic neurons. 

We then injected sinusoidal currents with fixed or modulated 
frequencies to examine whether oscillatory input at frequencies near 
20 Hz is amplified by active conductances (Supplementary Fig. 12). 
However, the voltage response decreased gradually as a function of 
frequency (Fig. 4b), indicating passive low-pass filtering’. To examine 
responses in the spiking regime we simulated synaptic inputs of 20 
neurons, each firing at a mean rate of 20 Hz, and varied their oscillatory 
synchrony by varying S (Supplementary Fig. 4). Simulated spike pat- 
terns (10-s duration) were convolved with idealized excitatory post- 
synaptic current waveforms and injected into Dp neurons in current 
clamp. The amplitude was adjusted to evoke action potential firing at 
<10 Hz for S = 0. On average, firing rates increased slightly with syn- 
chrony, but this effect was not significant (Fig. 4c, d; P> 0.3 for all 
pairwise comparisons). Together, these results indicate that Dp 
neurons are not intrinsically tuned to detect synchronized input near 
the natural oscillation frequency but act as passive low-pass filters, 
unlike Kenyon cells in the mushroom body of insects”!°?!. 

In many brain areas, a delay between excitatory and inhibitory 
input can establish a narrow time window for the integration of 
coincident synaptic input*’. This mechanism selects synchronized 
input in the insect mushroom body” and has been proposed also for 
olfactory cortex’***. To examine whether delayed inhibition supports 
coincidence detection in Dp neurons, we recorded excitatory and 
inhibitory synaptic currents evoked by 20 Hz electrical stimulation of 
the olfactory tract and analysed synaptic integration in a conductance- 
based model neuron (Supplementary Fig. 13). Although inhibitory 
currents were delayed, oscillatory synchrony was not efficiently 
detected by the model neuron because passive membrane properties 
act as strong low-pass filters at 20 Hz, and because inhibitory synaptic 
currents were slow (Supplementary Fig. 13). Our results therefore 
indicate that slow passive properties, the absence of active amplifica- 
tion, and the slow time course of collective synaptic currents can 
account, at least in part, for the insensitivity of Dp neurons to syn- 
chrony in their inputs. 


Late responses of Dp neurons 

When responses to optical stimulation were averaged over all neurons, 
stimuli and synchronizations, the peak of the membrane potential and 
firing rate responses in Dp (n = 372 responses from 34 Dp neurons) 
occurred approximately 200 ms after the peak of mitral cell responses 
(n = 644 responses from 49 mitral cells; Fig. 5a, b). This effect was 
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Figure 4 | Intrinsic properties of Dp neurons. a, Membrane time constant 
measured by exponential fits to the membrane potential decay after 
hyperpolarizing (left) and depolarizing (right) current injection (500 ms). 

b, Normalized impedance of Dp neurons measured by injection of sine currents 
at five fixed frequencies (left; n = 15), and power spectral density of the 
membrane potential response to injection of frequency-modulated sine 
currents (right; 1-60 Hz; n = 9). Grey traces (left) represent data from 
individual neurons; grey shading (right) shows s.d. Black traces show mean; 
error bars shows.d. c, Left: examples of simulated spike train patterns. Each row 


independent of synchrony (compare Figs 1b, e and Figs 1i, 1) and also 
observed when only strong responses (= 10 s.d. of fluctuations before 
stimulus onset) were considered (Fig. 5c, d). In response to odours, 
mitral cell firing rates changed during the initial phase of the response 
and stabilized after approximately 400 ms (m = 52 mitral cell-odour 
pairs; 12 mitral cells in 8 fish), as observed previously***. Responses of 
Dp neurons evolved more slowly and peaked substantially later, even 
when only strong depolarizing responses (210 s.d. of pre-odour fluc- 
tuations) were considered (Fig. 5e-h and Supplementary Fig. 10). Peak 
firing of Dp neurons occurred approximately 500 ms later than in 
mitral cells. Hence, responses of many Dp neurons occurred during 
the decorrelated steady state of mitral cell activity patterns. 

Filtering of oscillatory input and late responses of Dp neurons 
should favour the detection of decorrelated mitral cell activity patterns. 
To examine this we measured population activity patterns evoked by 
three groups of similar amino acid odours (10 1M) using temporally 
deconvolved two-photon calcium imaging’. Odours within each 
group activate overlapping combinations of glomeruli’ and evoke 
mitral cell activity patterns that become decorrelated’*****. In Dp, 
correlations between activity patterns were already lower than in the 
olfactory bulb during the initial phase of the odour response****”* and 
subsequently decreased further (Fig. 5iand Supplementary Fig. 14). The 
transformation of activity patterns between the olfactory bulb and Dp 
therefore results in decorrelated odour representations, consistent with 
the temporal filtering properties of Dp neurons. 


Discussion 


We found that the response intensity of neurons in Dp, a cortex-like 
target of the olfactory bulb in zebrafish, is largely insensitive to 20 Hz 
oscillatory synchrony in its input, demonstrating that synchrony does 
not necessarily enhance responses of target neurons. The impact of 
synchrony is attenuated because passive properties of Dp neurons and 
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in a spike train pattern shows action potential times of one simulated neuron. 
Centre: segments of summed currents from spike train patterns with different 
synchrony. Horizontal grey lines represent zero current. Right: responses of a 
Dp neuron to currents from spike train patterns with different synchrony. The 
membrane potential evolution around a single action potential is shown on the 
right. The grey bar shows time of current injection. d, Mean firing frequency 
(+ s.d.) of Dp neurons upon injection of currents from spike train patterns with 
different synchrony. Grey lines show results from individual cells. 


synaptic currents act as low-pass filters. As a consequence, Dp neurons 
do not directly decode the information contained in the oscillatory 
synchronization of mitral cell ensembles. However, this information 
may not be lost because mitral cell synchrony is still reflected in the 
timing of action potentials in Dp. Moreover, information contained in 
the synchrony of mitral cell ensembles may be processed by other 
target areas of the olfactory bulb. Indeed, odour-evoked LFP oscilla- 
tions phase-locked to those in the olfactory bulb were detected in a 
distinct area in the central telencephalon (Supplementary Fig. 15). 

Many suprathreshold responses of Dp neurons occurred after the 
peak of the mitral cell response, when mitral cell activity patterns 
approached their steady state. Multiple mechanisms may contribute 
to this delay. First, the long membrane time constants of Dp neurons 
indicate that the integration of synaptic inputs is slow. Second, results 
from mammalian piriform cortex demonstrated that feed-forward 
inhibitory neurons are more sensitive to mitral cell input and more 
broadly tuned than principal neurons’”****“°. Feed-forward inhibi- 
tion by a small subset of interneurons may thus suppress responses of 
other neurons during the early phase of an odour response. Third, 
inhibitory input to piriform cortex neurons undergoes depression 
whereas excitatory input undergoes facilitation in response to trains 
of electrical stimulation in brain slices. These observations are con- 
sistent with synaptic currents evoked by olfactory tract stimulation in 
Dp neurons (Y.-P.Z.S. and R.W.F., unpublished data) and suggest that 
the net excitatory input increases during later response phases. 
Fourth, in a recurrent network, the summation of direct and recurrent 
excitatory input in individual neurons is expected to be maximally 
effective in the steady state when both inputs are stable. Responses of 
Dp neurons may therefore be low initially because the network is 
unable to follow dynamic mitral cell input. 

Temporal filtering attenuates the impact of synchronized mitral 
cell ensembles and early mitral cell activity patterns, which contain 
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Figure 5 | Late responses of Dp neurons. a, Time course of membrane 
potential responses averaged over all optical stimulus patterns and synchronies 
(normalized to maximum). Red, mitral cells (n = 644 stimulus—neuron pairs in 
49 mitral cells); blue, Dp neurons (m = 372 stimulus—neuron pairs in 34 Dp 
neurons). b, Average time course of firing rate responses (normalized; same 
responses). c, d, Mean time to peak depolarization (+ s.d.) of strong membrane 
potential responses (c; =10s.d. of baseline fluctuations; mitral cells, n = 25 
stimulus-neuron pairs; Dp neurons, n = 82) and strong firing rate changes 
(d; mitral cells, n = 137; Dp neurons, n = 58). e, Mean membrane potential 
time course (normalized) of depolarizing odour responses. Mitral cells and Dp 
neurons were recorded in the same fish or under the same conditions (mitral 


information about molecular categories but are not well suited for fine 
odour discrimination. Temporal filtering therefore tunes Dp neurons 
to features of mitral cell responses that are particularly informative 
about precise odour identity. Consistent with these filtering opera- 
tions, activity patterns evoked by similar odours were more distinct in 
Dp than in the olfactory bulb. The transformation between the olfactory 
bulb and Dp therefore establishes specific and decorrelated odour 
representations, which is a prerequisite for higher-order computations 
such as pattern storage by auto-associative networks. 

Contrary to neurons in Dp, Kenyon cells in the insect mushroom 
body are exquisitely sensitive to oscillatory synchronization'®*' and 
respond preferentially during the initial phase of an odour res- 
ponse’”’. Pattern read out in the mushroom body is therefore differ- 
ent from Dp. However, odour representations differ already at the 
previous processing stage: in the antennal lobe, response patterns are 
dense, synchronized ensembles represent odour identity, and the 
dynamic phase of the odour response is more informative than the 
steady state®**. Moreover, the convergence onto second-order neurons 
in the insect mushroom body is high”, unlike in olfactory cortex”. 
Under these conditions, the detection of synchronized ensembles 
results in highly selective, robust and sparse odour representa- 
tions”’°*". Second-order processing therefore extracts information 
about precise odour identity both in zebrafish and insects. In zebrafish, 
temporal constraints on odour processing may be less strict than in 
other species because zebrafish live in non-turbulent environ- 
ments and do not sniff****. As a consequence, zebrafish may afford 
to use steady-state activity patterns for neuronal computations. In 
general, our results show that temporal filters can be tuned to extract 
specific information from multiplexed neuronal codes, indicating that 
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cells, n = 34 neuron-odour pairs; Dp neurons, n = 33). f, Mean time course of 
odour-evoked firing rate responses (normalized). g, h, Mean time-to-peak 
(+ s.d.) of strong depolarizing responses (g; =10s.d.; mitral cells, n = 12; Dp 
neurons, n = 14) and strong firing rate responses to odours (h; 210 s.d.; mitral 
cells, n = 15; Dp neurons, n = 19). *P < 0.05; ***P< 10 °. i, Pearson 
correlation between activity patterns (n = 405 neurons from 5 fish) evoked by 
different odours as a function of time. Activity patterns were measured using 
temporally deconvolved two-photon calcium imaging. Time relative to 
stimulus onset (t = 0) is shown above each correlation matrix in milliseconds. 
Left correlation matrix (t = —140 ms) shows pre-stimulus correlations. 


multiplexing can be used by the brain to efficiently encode and trans- 
mit information. 


METHODS SUMMARY 


Experiments were performed in an explant preparation of the intact brain and 
nose of adult zebrafish’. Odour stimulation, electrophysiological recordings and 
temporally deconvolved calcium imaging were performed as described””®**. 
Chr2 was expressed in sensory afferents under the control of the Tet system as 
described” or, in a few fish, using the promoter of olfactory marker protein”. 
Spatio-temporal patterns of blue laser light were projected onto the olfactory bulb 
through the objective of an upright microscope using a DMD with an accelerator 
board (DMD Discovery 1100 with ALP-1; Texas Instruments) that enabled tem- 
poral resolution up to 0.125 ms. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Animals, experimental preparation and odour delivery. Experiments were 
performed in adult zebrafish (Danio rerio) that were raised and kept under 
standard laboratory conditions (26.5 °C; 13/11-h light/dark cycle). All experi- 
ments were performed in accordance with official guidelines and approved by 
the Veterinary Department of the Canton Basel-Stadt (Switzerland). For optical 
stimulation of sensory inputs to the olfactory bulb, transgenic fish lines were used 
that express Chr2 (refs 28, 29) selectively in sensory afferents to the olfactory bulb. 
Five out of thirty-four transgenic fish expressed Chr2 under a 2-kb fragment of 
the promoter of the zebrafish olfactory marker protein gene**. This line expresses 
Chr2 mainly in sensory afferents projecting to the medial and dorsal olfactory 
bulb, as described for other transgenic lines generated with this promoter*. Fish 
used in the remaining 29 experiments were generated by expressing Chr2 under 
the control ofa HuC promoter fragment“ using the Tet system”, which results in 
diverse expression patterns in different founder lines*®. For experiments in this 
study, one line was selected that expressed Chr2 in the olfactory bulb selectively in 
sensory afferents without any obvious regional bias (HuC:itTA/Ptet:Chr2YFP 
Line 02)*°. Experiments not including Chr2 stimulation were performed in 
wild-type fish or fish** expressing green fluorescent protein under the control 
of a promoter of the vesicular glutamate transporter 2a. 

Fish were cold-anaesthetized, decapitated and the ventral forebrain was 
exposed by removal of the jaws and palate. The preparation was transferred into 
a custom chamber, continuously superfused with teleost artificial cerebrospinal 
fluid (ACSF)*”, and warmed up to room temperature. Odours were introduced 
into a constant stream directed at one naris using a computer-controlled HPLC 
injection valve. Odour stimuli took approximately 600 ms to reach a plateau 
concentration and lasted approximately 2.5 in total. Odour applications were 
separated in time by at least 40s, usually longer, to minimize adaptation. Each 
odour was applied, on average, 4.1 + 1.8 (mean + s.d.) times and results were 
averaged, except for the analysis of membrane potential fluctuations and their 
relationship to LFP oscillations in individual trials, and for power spectral analysis. 
Electrophysiological recordings, calcium imaging and tract stimulation. 
Whole-cell patch-clamp recordings were performed using borosilicate pipettes 
filled with intracellular solution containing (in mM): 130 K-gluconate, 10 Na- 
gluconate, 10 Na-phosphocreatine, 4 NaCl, 4 Mg-ATP, 0.3 Na-GTP, 10 HEPES 
(pH 7.25; ~300 mosM). For voltage clamp recordings, a Cs-based internal solution 
was used that contained (in mM): 135 Cs-methanesulphonate, 3 Na-ascorbate, 10 
Na-phosphocreatine, 4 MgCl,, 4 Na,-ATP, 0.4 Na-GTP, 10 HEPES (pH 7.2; 
300 mosM). In most experiments, pipette solutions also contained the fluorescent 
dye Alexa594 to visualize neuronal morphology under two-photon optics. Pipettes 
had resistances of 10-16 MQ and were targeted to somata using contrast- 
enhanced optics that detected the transmitted infrared laser beam in a two-photon 
microscope. Signals were recorded at 10 kHz using a Multiclamp 700B amplifier 
(Molecular Devices) and Scanimage/Ephus software®”'. Recording stability was 
assessed regularly by test pulses. All recorded neurons responded to current injec- 
tion with action potentials. LFPs were recorded using glass pipettes filled with 
ACSF and a Multiclamp 700B amplifier. 

To stimulate olfactory tracts, glass pipettes filled with ACSF were placed at 
individual fibre bundles. Because olfactory tracts in zebrafish consist of many 
dispersed fibre bundles, only a small subset of axons was stimulated by this 
approach. Stimuli consisted of 10 pulses of 0.5 ms duration at 20 Hz. Intensity 
(usually 20-30 V) was adjusted to evoke a response of intermediate magnitude. 

Multiphoton calcium imaging of odour responses was performed as 
described****. Data were acquired at 128ms per frame. Relative firing rate 
changes were reconstructed from calcium signals by low-pass filtering and sub- 
sequent temporal deconvolution with an exponentially decaying kernel as 
described’. The decay time constant of the kernel (Tdecay = 38) was determined 
by simultaneous calcium imaging and loose-patch recordings of spikes**. No 
additional filtering before or after deconvolution was performed. 

Optical stimulation. To generate spatio-temporal patterns of light, the beam ofa 
blue laser (500 mW) was expanded to match the minor diameter (10.5 mm) of a 
digital micromirror device (DMD) equipped with an accelerator card that 
allowed for switching each mirror between two angles with a temporal resolution 
up to 0.125ms (DMD Discovery 1100 with ALP-1; Texas Instruments). The 
device was coupled into a two-photon laser scanning microscope using a custom 
lens system and a dichroic mirror at 45° between the scanners and scan lens. The 
DMD device was mounted so that the laser light reflected from a given mirror 
either entered the microscope optics (‘on’ angle) or was deflected into a beam 
dump (‘off angle). Light patterns entering the microscope were projected into the 
image plane through the scan lens, the tube lens, and the objective (20x, NA 1.0, 
Zeiss). Each mirror of the DMD corresponded to a 0.67 X 0.67 jum pixel in the 
image plane. Light intensity below the objective was 63 1W mm ~. To verify 
proper resolution, light patterns were projected onto a thin film of fluorescein 
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solution and fluorescence images were collected using a CCD camera 
(Supplementary Fig. 2). 

Optical stimulation of mitral cells was performed by projecting spatio- 
temporal patterns of blue light onto the olfactory bulb in fish expressing Chr2 
in sensory afferents. In each stimulus, a subset of ‘active’ squares was switched on 
and off in a temporal sequence determined by event trains (see below), whereas 
‘inactive’ squares remained off. Two sets of spatial stimulus patterns were generated. 
Stimulus set 1 consisted of 50 X 50 jum” squares in the image plane (75 X 75 
mirrors). Mirrors within each square were switched on and off together, while 
different squares were controlled by different event trains. Stimulus set 2 consisted 
of 20 X 20 pum? squares (30 X 30 mirrors), and each mirror was controlled by an 
individual event train. At each event in a train, the corresponding square (set 1) or 
mirror (set 2) was switched from the ‘off to the ‘on’ position for 5 ms to deliver a 
pulse of blue light to the corresponding pixels in the image plane. The average event 
rate for each square or mirror was zero before and after the optical stimulus and 
20 Hz during stimulation. In set 2, random latencies between zero and 300 ms were 
assigned to each square to mimic latency differences between responses of different 
glomeruli. The synchrony between event trains controlling different squares or 
mirrors was defined by the synchronization index S (see below). Spatial patterns 
were created with active squares only over the lateral olfactory bulb, over the 
medial olfactory bulb, or over the whole olfactory bulb (Supplementary Fig. 2). 
On average, each optical stimulus was repeated 3.4 + 1.2 times (mean + s.d.; 
mitral cells, 3.4 + 1.1 repetitions; Dp neurons, 3.5 + 1.2 repetitions) and results 
were averaged (except for power spectral analysis). 

Responses to stimulus set 2 (1 = 68 responses from 21 mitral cells and n = 55 
responses from 18 Dp neurons at each S) increased more slowly than responses to 
stimulus set 1 (n = 93 responses from 28 mitral cells and n = 38 responses from 
16 Dp neurons) because squares were activated successively during the initial 
300 ms. However, the time difference between responses of mitral cell and Dp 
neurons was similar in response to both stimulus sets: the mean peak time of 
strong depolarizations (>10s.d.) in response to stimulus set 1 was 108 + 48 ms 
for mitral cells and 263 + 110 ms for Dp neurons. The mean peak time of strong 
depolarizations (>10s.d.) in response to stimulus set 2 was 261 + 125 ms for 
mitral cells and 438 + 178 ms for Dp neurons. The mean peak time of strong 
firing rate changes (>10s.d.) in response to stimulus set 1 was 132 + 179 ms for 
mitral cells and 283 + 213 ms for Dp neurons. The mean peak time of strong 
firing rate changes (>10s.d.) in response to stimulus set 2 was 267 + 228 ms for 
mitral cells and 407 + 206 ms for Dp neurons. Otherwise, responses to both stimu- 
lus sets were similar. Data obtained with the two stimulus sets were therefore 
pooled. 

The stability of mitral cell firing rates to changes in synchrony may be due to 
the fact that mitral cell membrane potentials are near spike threshold already in 
the absence of odour stimulation so that synchrony affects primarily the timing of 
action potentials. Moreover, stronger mitral cell activation is counterbalanced by 
increased feedback inhibition in the olfactory bulb*’, and inputs of different 
strengths might be equalized by a nonlinear transformation at the sensory neuron- 
to-mitral cell synapse, as found in Drosophila®. 

Generation of event trains and modelling. To generate trains of events (spike 
times or DMD mirror activations) with varying degrees of synchrony, individual 
events were drawn from probability distribution P(t) given by 


P(t)=X(t)/|?"X(f)dt with 


X(t) = (S X sin(20 X 2m X t) + 1) |SS1 


X(t) = (sin(20 X 2m x t) + 1)§ |S<1 


where t = fmax is time in seconds and S is the synchronization index. To allow fora 
refractory period, events closer than 5 ms to an event kept previously were dis- 
carded. This procedure was repeated until the mean number of events per unit 
time was equal to the desired event rate. For S = 0, the instantaneous probability 
of an event was defined to be constant. This procedure parameterized synchrony 
in simulated spike trains and in optical stimulus patterns. 

Event trains were transformed into excitatory postsynaptic currents by con- 
volving the delta functions representing event times with an alpha function 
representing a unitary excitatory postsynaptic current (EPSC; rise time, 0.8 ms; 
decay time, 5 ms). 

To simulate the integration of synaptic currents in a simple model, a conductance- 
based, non-spiking point neuron model without voltage-gated conductances was 
used. The input resistance Ri, was 2 GQ and the time constant was T,, = 40 ms, 
similar to values measured in Dp neurons. The neuron received n = 10 inputs, 
each firing at a mean rate of 10 Hz. Each input spike evoked excitatory and 
inhibitory synaptic currents with a time course (250 ms length) given by the mean 
current measured at these potentials in Dp neurons in response to electrical 
stimulation of the olfactory tract (Supplementary Fig. 13). Since time courses of 
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synaptic currents could be measured only over 50 ms between successive stimulus 
pulses, the remaining 200ms were extrapolated by exponential functions. 
Reversal potentials of excitatory and inhibitory synaptic currents were 
Vievexc = OmV and Viev,inh = —70 mV, respectively. The evolution of the mem- 
brane potential V,,, was then given by 


CdV,,/dt = —go( V(t) - Vrev,o) ~ Sexclt) (V(t) - Vrevexc) ~ Sinh() (V(E) - Veev,inh) 


where C = 1,,/Rin is membrane capacitance, go = 1/Ri, is the input conductance, 
Vrevo = —70 mV is the resting potential, g..<(t) is the excitatory synaptic con- 
ductance and giny(t) is the inhibitory synaptic conductance. 

Simulations were performed for input spike patterns with three different syn- 

chronies S. For each synchrony, we also shifted the onset of inhibitory currents 
backward and forward in time (—5 ms and +20 ms). Moreover, we varied the 
mean firing rate of each input between 8 Hz and 12 Hz, and the number of inputs 
N between 8 and 12 (without changing the amplitude of synaptic currents). For 
each condition, results of 128 simulations, each 2.5 s long, were averaged. 
Data analysis. Power spectral analysis was performed on individual trials. Power 
spectra were then first averaged over trials with the same stimulus, and subse- 
quently averaged over stimulus-neuron pairs. LFPs in the olfactory bulb were 
recorded in the deep layers, beyond the point of reversal’. Oscillations were 
analysed by band-pass filtering LFP recordings between 5 and 40 Hz using a 
non-causal filter designed in Matlab (The MathWorks). Spike phases were deter- 
mined by the time of each spike relative to the neighbouring peaks in the band- 
pass filtered LFP. Spike phase distributions were determined for each neuron- 
stimulus pair from repeated trials and normalized by the number of trials and 
spikes. Experiments in which less than 16 spikes were collected in total were 
excluded. Distributions were then averaged over neuron-stimulus pairs. 

Trains of action potentials were transformed into continuous firing rates by 
convolution with a Gaussian kernel (s.d., 5ms). Mean changes in membrane 
potential and mean firing rates in response to optical stimulation were determined 
within a 1-s time window following stimulus onset. For analyses of membrane 
potential dynamics, action potentials were removed by a sliding median filter with 
width 14 ms. To determine peak times of membrane potential responses, the time 
course of the median-filtered membrane potential trace was smoothed by a non- 
causal four-pole low-pass Butterworth filter with cutoff frequency 50 Hz. 

The resting potential was determined as the mean over the 500 lowest mem- 
brane potential values (1-ms bins) during a 1.5-3s pre-odour period. Action 


potential thresholds were determined as the inflection point of action potentials 
in each trial. To determine the amplitude of membrane potential fluctuations in 
the 5-40 Hz band and of the slow depolarization during odour stimulation, 
membrane potential traces were first low-pass filtered by a non-causal four-pole 
Butterworth filter with cutoff frequency 5Hz. The amplitude of the slow 
depolarization was quantified as the difference between the resting potential 
and the peak of the low-pass filtered membrane potential trace. Fluctuations were 
isolated by subtracting the low-pass filtered trace from the raw trace and subse- 
quently band-pass filtered with the same filter as used for the LFP. The amplitudes 
of fluctuations were then quantified as the amplitudes of the positive peaks. 
Maximal amplitudes of fluctuations in a given trial were determined as the mean 
over the 10% largest fluctuations. For the separate analysis of subthreshold and 
suprathreshold responses, subthreshold responses were defined as neuron- 
stimulus pairs that never responded with action potentials to a given odour, 
whereas suprathreshold responses were defined as responses that included, on 
average, at least one spike. 

Significance tests were performed using a non-parametric Wilcoxon rank-sum 
test unless noted otherwise. 
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The alignment of molecular cloud magnetic fields 
with the spiral arms in M33 


Hua-bai Li! & Thomas Henning’ 


The formation of molecular clouds, which serve as stellar nurseries 
in galaxies, is poorly understood. A class of cloud formation models 
suggests that a large-scale galactic magnetic field is irrelevant at the 
scale of individual clouds, because the turbulence and rotation of a 
cloud may randomize the orientation of its magnetic field’. 
Alternatively, galactic fields could be strong enough to impose their 
direction upon individual clouds**, thereby regulating cloud accu- 
mulation and fragmentation’, and affecting the rate and efficiency 
of star formation®. Our location in the disk of the Galaxy makes an 
assessment of the situation difficult. Here we report observations of 
the magnetic field orientation of six giant molecular cloud com- 
plexes in the nearby, almost face-on, galaxy M33. The fields are 
aligned with the spiral arms, suggesting that the large-scale field 
in M33 anchors the clouds. 

At a distance of about 900 kiloparsecs (kpc) from us’, M33 is our 
nearest face-on galaxy with pronounced optical spiral arms. To resolve 
a typical giant molecular cloud (GMC) with a size of tens to a hundred 
parsecs, we used the Submillimeter Array’, which offers a linear spatial 
resolution of about 15 pc at 230 GHz (the frequency of the CO J = 2-1 
transition) at the distance of M33 using the array’s most compact 
configuration. To observe the strongest CO line emission, we picked 
the six most massive GMCs from M33 (ref. 9). It is clear to which spiral 
arms the GMCs are related, except for GMC3, which is situated 
between two optical arms (Fig. 1). 

We determined the orientations of the GMC magnetic fields (B 
fields) from the polarization of CO emission lines, which should be 
either perpendicular or parallel to the local B-field direction projected 
on the sky (the Goldreich-Kylafis effect'®). Although there are other 
B-field tracers" that do not have this 90° ambiguity, CO is much more 
abundant and allows current radio telescopes to perform extragalactic 
cloud observations. Despite the 90° ambiguity, such a B-field obser- 
vation is still valuable!”. An intrinsically random field distribution, 
as occurs when the turbulence is super-Alfvenic’’ (that is, when 
turbulent energy dominates B-field energy), will still be random with 
this ambiguity. On the other hand, an intrinsically single-peaked 
Gaussian-like field distribution, in the presence of sub-Alfvenic 
turbulence’? (that is, when B-field energy dominates turbulent energy), 
will either remain single-peaked, or split into two peaks approximately 
90° apart (‘double peaks’). From the total distribution of the offsets 
between the CO polarization of the M33 GMCs and the local arm 
directions (Fig. 2), the trend of double peaks is clearly visible 
(Fig. 3). The distribution can be fitted by a double-Gaussian function 
with peaks at —1.9° + 4.7° and 91.1° + 3.7° and a standard deviation 
of 20.7° + 2.6°. This result is barely affected if the inter-arm GMC3 is 
excluded. 

The angle dispersion (2) of the CO polarization and its offset (4) 
from the arm directions are determined by the dispersion of B-field 
orientations (¢), the dispersion of the offsets between cloud mean fields 
and spiral arms (6), the observational errors (¢< 10°), and the 
Goldreich—-Kylafis effect. By performing Monte Carlo simulations 
(see the Supplementary Information), we can estimate the likelihood 
of observing X and 4 within certain ranges, and determine which 


combinations of o and 6 are able to produce the observed confidence 
level (Fig. 4). Random fields or field-arm offsets are very unlikely. Only 
when o = 17°-22° with 6 < 8° do the simulations give a confidence 
level similar to that observed. This indicates that the mean field direc- 
tions are well-defined and highly correlated with the spiral arms, which 
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Figure 1 | The optical spiral arms and the locations of the six most massive 
GMCs in M33. The background is an optical image of M33 (ref. 21) and the 
vectors show the 3.6-cm synchrotron polarization”’, with the telescope beam 
size shown in the lower left corner. The vector length is proportional to the 
intensity of polarized emission. A sketch of the optical arms” is shown with 
thick purple solid lines. The contours show the structures between 36’’ and 48"’ 
derived from scale decomposition’* of the 500-t1m Herschel data”’ (the lowest 
contour level has 30% of the peak intensity, and the following levels increase 
linearly with steps of 10% peak intensity). The GMC locations (plus symbols) 
are numbered 1 to 6. The optical arms related to GMCs 1, 5 and 6 are clear. 
GMC 3 is between two arms. GMCs 2 and 4 are on the extensions (purple 
dashed lines) from two different solid lines. GMC 4 has a short straight 
extension. For GMC 2, we adopt the southern arm defined by ref. 30 as the 
extension, which traces the 500-1»m clumps well. The arms are traced slightly 
differently in the literature, and this observational uncertainty will contribute to 
6, the dispersion of polarization-arm offset (Supplementary Information). 
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Figure 2 | CO (2-1) maps and polarization vectors. The contours are 90%, 
80% ... 10% of the peak intensity of each cloud (from dark to light grey). The 
red vectors show polarization detections, for which the ratio of the polarization 
level to its uncertainty is greater than three and the error in direction is less than 
10°. The thick grey vectors show the tangents of the local optical arms”””° for 


is consistent with the scenario in which the B fields in the GMCs are 
compressed within the spiral arms, and the fields can exert tension 
forces (because of 6; see Supplementary Fig. 1) strong enough to resist 
cloud rotation (‘magnetic braking’). If mass has been accreted to 
forma cloud from the accumulation length scale (hundreds of parsecs) 
in a shearing galactic disk, cloud rotation is inevitable owing to con- 
servation of angular momentum (Supplementary Fig. 1 and figure 6 of 
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Figure 3 | Distribution of the CO polarization-arm offsets. The offsets are 
from the difference between the red and grey vectors in Fig. 2. N is the number 
of offsets falling in each bin. Contributions from different GMCs are indicated 
by colour. The distribution can be fitted by a double-Gaussian function with a 
standard deviation of 20.7° + 2.6° and peaks at —1.9° = 4.7° and 91.1° + 3.7° 
(peaks shown by vertical black lines). The directions of synchrotron 
polarization from the regions near the GMCs (within one beam size, as shown 
in Fig. 1) are also shown as dashed lines, with the same colour code as the 
GMCs. 
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GMC 1, 2, 4, 5 and 6. For the inter-arm GMC 3, the grey vector shows the mean 
of the two tangents of the nearby arms at the positions closest to GMC 3. The 
ellipses indicate the Submillimeter Array synthetic beams; all detections are 
spatially independent. The coordinate (right ascension, declination) offsets are 
in arcseconds. 


ref. 2), unless the momentum is consumed by another mechanism such 
as magnetic tension. The fact that the GMCs in M33 show significantly 
smaller angular momenta than predicted by the Toomre instability 
criterion’ supports our observations. Figure 3 is also consistent with 


0.9 
30 
0.8 
25 
0.7 
20 0.6 
=> ne} 
3 0.5 8 
O15 o 
g a4 8 
bas 
10 0.3 
0.2 
0.1 


10 15 20 25 30 
a (degrees) 


Figure 4 | Likelihood of obtaining simulated angle dispersions 2 and offsets 
A of CO polarization within the observed 90% confidence intervals. The 
90% confidence intervals from the data in Fig. 3 are 15.1° << Y < 26.4 and 

|A| <10.7°. The likelihood is estimated by Monte Carlo simulations 
(Supplementary Information) with various combinations of o (B-field 
dispersion) and 6 (dispersion of the offsets between mean fields and arms). 
Only o ~ 20° with 6 < 8° can give a similar confidence level within the 
intervals. 
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the cloud B fields being perpendicular to the arms; however, there is 
neither a known mechanism nor a numerical simulation supporting 
such a field configuration. 

The CO polarization is not necessarily aligned with the local 
synchrotron polarization (Fig. 3), which traces the B fields in regions 
near the GMCs that are warmer and more diffuse’* than the clouds 
themselves. From the viewpoint of the dynamo theory, it is possible for 
cloud fields to decouple from the large-scale galactic fields owing to the 
small volume-filling factor of molecular clouds'*. This is consistent 
with the decoupling of synchrotron/CO polarization, but fails to 
explain the correlation between cloud B fields and spiral arms. To 
our knowledge, no numerical simulations of small-scale dynamos 
within molecular clouds have been able to produce ordered field direc- 
tions coherent with spiral arms. 

However, density wave compression, the cause of spiral arms, can 
explain the observation as follows. In the classical picture of interstellar 
media’®, cold and warmer phases are in pressure equilibrium. While 
orbiting through the gravitational well of the spiral arms, the cold 
phase experiences a much stronger shock compression than does the 
warmer phase '’. Therefore, it is unsurprising that the orientation of 
the B fields in the warmer media (traced by synchrotron radiation) can 
decouple from the morphology of the more compressed fields in cold 
media (traced by CO). Because the gas and B fields in the cold media 
are compressed together, they should follow the same spiral morpho- 
logy as long as the subsequent cloud formation activity does not dis- 
turb the field orientations significantly. 

The non-random B fields imply that the cloud turbulence is sub- 
Alfvenic. For this kind of turbulence, we can follow Chandrasekhar 
and Fermi!®, assuming that the dispersion in B-field direction is 
coupled with the lateral velocity of gas turbulence, to estimate the 
B-field strength: Byos =9.3.\/n(H2)(v/o), where Byos, n(H2) and v 
are, respectively, the plane-of-sky component of the B field (in L1G), 
H, density (in cm”), and full-width at half-maximum (FWHM) 
spectral linewidth (in kms~'). This equation is modified from the 
original one in ref. 18 after calibration with numerical simulations”. 
With o = 17°-22°, n(H>) = 10°-10* cm’ 3 (ref. 20), andv~10kms | 
(ref. 9), the Bos value is 0.1-0.5 mG. This value is comparable to that of 
B fields in the molecular clouds of the Milky Way, and is about 100 
times greater than the B-field strength estimated from synchrotron 
observations”. 

Evidence of sub-Alfvenic turbulence is also observed within the 
clouds of the Milky Way. The Galactic B field also anchors molecular 
clouds''” and aligns the velocity anisotropy of turbulence’. From our 
edge-on view of the disk, the Milky Way fields, however, have rich 
structures at the hundred-parsec scale (the scale of the GMCs), instead 
of being aligned with the disk"’. If galactic dynamics are similar for the 
Milky Way and M33, the simplest explanation is that B fields of spiral 
arms can have much more structure perpendicular to the disk (as 
observed from an edge-on view) than within the disk plane (as observed 
from a bird’s-eye view). Several mechanisms can help generate this 
anisotropic B-field structure. First, density wave compression occurs 
mainly in a direction parallel to the disk plane, and second, the Parker 
instability** and stellar feedback (for example, bipolar giant Hu 
bubbles” and galactic fountains*®) concentrate along gaseous arms, 
tending to deviate the B fields towards directions perpendicular to the 
disk. A bird’s-eye view of cloud B fields is currently much more dif- 
ficult to acquire compared to an edge-on view, but could offer import- 
ant new insights into GMC/galaxy dynamics. Next-generation array 
telescopes (for example, the Atacama Large Millimeter/submillimeter 
Array) will be better able to survey molecular clouds efficiently from 
different views. 
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Active formation of ‘chaos terrain’ over shallow 
subsurface water on Europa 


B. E. Schmidt!, D. D. Blankenship’, G. W. Patterson? & P. M. Schenk? 


Europa, the innermost icy satellite of Jupiter, has a tortured young 
surface’ and sustains a liquid water ocean’ * below an ice shell of 
highly debated thickness’*”-'°. Quasi-circular areas of ice disrup- 
tion called chaos terrains are unique to Europa, and both their 
formation and the ice-shell thickness depend on Europa’s thermal 
state’ *>”"'”. No model so far has been able to explain why features 
such as Conamara Chaos stand above surrounding terrain and 
contain matrix domes’®”*. Melt-through of a thin (few-kilometre) 
shell*”* is thermodynamically improbable and cannot raise the 
ice’®'*, The buoyancy of material rising as either plumes of warm, 
pure ice called diapirs’”"'’ or convective cells’®”’ in a thick (>10 
kilometres) shell is insufficient to produce the observed chaos 
heights, and no single plume can create matrix domes’®’*. Here 
we report an analysis of archival data from Europa, guided by 
processes observed within Earth’s subglacial volcanoes and ice 
shelves. The data suggest that chaos terrains form above liquid 
water lenses perched within the ice shell as shallow as 3 kilometres. 
Our results suggest that ice-water interactions and freeze-out give 
rise to the diverse morphologies and topography of chaos terrains. 
The sunken topography of Thera Macula indicates that Europa is 
actively resurfacing over a lens comparable in volume to the Great 
Lakes in North America. 

Although the settings are different, terrestrial environments can 
provide critical context for Europa, particularly where water and ice 
interact under pressure. Melting of ice occurs at subglacial volcanic 
craters on Earth, such as Iceland’s Grimsvotn’” (Supplementary Fig. 4). 
Ice covers the volcano, and as it becomes active, the ice cap melts from 
below, causing surface down draw’”. Water in glacial systems flows 
perpendicular to the gradient of the fluid potential (Supplementary 
Information section 2). In pure ice, the surface slope above a water 
body is roughly 11 times as important as the basal slope in determining 
flow direction’’”°, and water collects where the hydraulic gradient 
approaches zero, at the centre of the depression. Above the activating 
volcano, the surface slope is steepest at the flanks of the crater, creating 
a hydraulic seal that prevents the escape of water and drives the forma- 
tion of a lens-shaped subglacial lake’’”°. Because Iceland’s ice caps are 
finite in width, breakout flow along the bed or floatation of the ice cap 
eventually allows water to escape’””*. 

Water also influences Antarctic ice shelves. Brines enter terrestrial 
ice shelves through basal fractures or the front of the shelf (via a porous 
layer called firn) and percolate through the ice for tens of kilometres 
over many years”’. Beyond enhancing its water and impurity content, 
introduction of brine can weaken the ice by reducing its shear 
strength’ **. Hydrofracture occurs when tidal cracks fill with water, 
causing force at the crack tip, which can initiate ice shelf collapse*””? 
(Supplementary Information section 2), producing tabular icebergs 
surrounded by a matrix of brine-rich (‘brash’) ice. 

Coupled analysis of the geomorphology of Conamara Chaos and 
Thera Macula, (Figs 1 and 2, respectively) demonstrates that the two 
features share a quasi-circular shape and floating blocks, whereas their 


topography differs. Conamara Chaos is raised and contains raised 
matrix ‘domes’. Thera Macula, however, is sunken below the sur- 
rounding surface. These observations, informed by the environments 
on Earth described above, suggest a four-phase ‘lens-collapse model’ 
for chaos terrain formation (Fig. 3). (1) Ascending thermal plumes of 
relatively pure ice'’ cross the eutectic point of overlying impure ice, 
producing surface deflection in response to volume change associated 
with pressure melting of the ice (Fig. 3a). (2) Resulting hydraulic 
gradients and driving forces produce a sealed, pressurized melt lens 
(Fig. 3b). (3) Extension of the sinking brittle ice ‘lid’ over the lens 
ultimately generates deep fractures from below, allowing brine to both 
be injected into and percolate through overlying ice, forming a fluidized 
granular ice matrix and calving ice blocks (Fig. 3c). (4) Refreezing of 
the melt lens and now brine-rich matrix results in topographic 
heterogeneity (Fig. 3d). 

The upper crust of Europa is rich in impurities owing to either 
exogenic implantation or endogenic injection (see, for example, refs 
24, 25). Models suggest that melt will be formed as warm, composi- 
tionally buoyant plumes cause the cold impurity-rich ice above them 
to reach its eutectic pressure-melt point, driving partial melting and ice 
disruption’*”">"”, Interconnected pockets of thermally stable melt 
water will form above a plume and be over-pressurized by an amount 
equal to the buoyant force of the plume, 10*-10° Pa (ref. 13). It is 
significant that previous models did not take into account the volume 
change associated with melting ice’ and its ramifications °°. Ice 
melting results in surface draw down, which hydraulically seals the 
melt in place °*° (Fig. 3b; Supplementary Information section 2), 
rather than melt draining downward as previously speculated'*'* 
51728 That is, water formed from melting above plumes must move 
perpendicular to local hydraulic gradients, both up the plume head and 
towards the centre of the depression”, and will form a lens similar to 
subglacial volcanic lakes. Ultimately, the volume of melt and hydrostatic 
equilibrium with the overlying depression determine the shape of the 
lens; this shape will be slightly modified by any lithostatic stresses at the 
edge of the lens. On Europa, the lateral continuity of the ice shell pro- 
hibits horizontal escape of the water. 

Pressure and fracture will contribute to the response of Europa’s ice 
shell to subsurface melting. Prevalent pre-existing faults and discon- 
tinuities in ice strength should be regions of localized weakness, akin to 
ice shelf fractures, accumulating much of the extensional strain from 
the subsidence of the lid. As cracks propagate upward from the melt 
lens, hydrofracture will break up the ice (Fig. 3c) wherever high- 
pressure water inflow contributes force at the crack tip””*’. Fracture 
will calve steep-sided blocks and allow water to enter overlying brittle 
ice. 

The morphology of Conamara Chaos requires the transformation of 
mostly background plains material*’*"* into an impurity-rich matrix 
(Supplementary Figs 1, 6). Background plains material is characterized 
by high fracture density, and thus may be more susceptible to brine 
inflow and disruption as observed'’"*; the shallow subsurface may also 
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Figure 1 | Conamara Chaos is dominated by long-wavelength topography. 
The region’s (8° N, 274° W) topography was analysed by filtering a DEM 
(Digital Elevation Map) produced through a combined stereo 
photogrammetric and photoclinometric method (Supplementary Information 
section 1). The DEM has a spatial resolution of 180 m per pixel, and height 
accuracy of 20 m. Colour indicates topographic heights relative to the 
background terrain. a, Conamara Chaos. The area boxed in white (bottom left) 
indicates the locations of the top, middle and bottom insets shown right. Insets 
show, top to bottom, the short-wavelength (<20 km), absolute, and long- 
wavelength (>20 km) topographic signals produced by the DEM filtering. 

b, c, North-south (b) and east-west (c) topographic profiles of a typical dome- 
like matrix swell. Solid lines, the DEM; dashed and dashed-dot lines, the long- 
and short-wavelength topography, respectively. The profiles are offset in 
elevation for clarity and vertical exaggeration is 40:1. Overall, the topography is 
characterized by highs within the disaggregated ice matrix and lows at large 


be porous. This weak ice can then be disrupted by transient pressure 
from below, by diurnal tides, by wedging in freezing cracks or by 
interactions with translating blocks, eventually breaking down into 
the observed impurity-rich matrix'*”’*. This mechanism will convert 
plains material into matrix without requiring thermodynamically 
unlikely surface melt (see, for example, refs 10, 18). 
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polygonal block-like icebergs. Conamara Chaos appears to have completely 
disrupted the ice fringed by its boundary scarp, and to have thickened relative to 
the background terrain. Matrix ‘domes’ reach heights typically of 200 m. These 
domes can entrain or tilt some smaller blocks. Large blocks represent the lowest 
points within the region, with heights equivalent to or up to 100 m below the 
background elevation. On average, the entire region is raised by ~100 m. 
Comparing insets in a, the short-wavelength topography has little spatial 
variation, while the spatial patterns of the DEM and long-wavelength 
topography are similar, demonstrating that the long-wavelength signal 
contributes strongly to Conamara Chaos’s heterogeneous topography. That the 
highest topography is (1) rounded in shape and (2) located within or 
‘controlled’ by matrix swells, indicates that water injection within the matrix 
and subsequent freezing is responsible for topographic heterogeneities within 
mature chaos terrain. 


Conamara Chaos is not only elevated above the background terrain, 
but also contains matrix domes that are in some places higher than 
blocks”’* (Fig. 1). This observation was initially interpreted as resulting 
from the coalescence of multiple warm ice diapirs’. However, 
Conamara Chaos’s continuity and nearly unbroken margin is more 
consistent with a single source of disruption. The lens-collapse model 
implies that brines are injected into former plains material as the ice 
fractures (Supplementary Fig. 6), while increased water pressure from 
the lens freezing raises the saturation level within the permeable matrix 


Figure 2 | Thera Macula isa region of likely active chaos production above a 
large liquid water lens. The image of There Macula was produced using 
photoclinometry (Supplementary Information section 1) of Galileo images 
with illumination from the north (N) and 220 m per pixel resolution. Colour 
indicates topographic heights relative to background terrain. The region (50° S, 
180° W) exhibits Conamara-like icebergs and dark matrix. The centre of Thera 
Macula is sunken below the background terrain (denoted here by pale green) by 
up to ~800 m just outside a large semi-circular northern subsiding province 
(NS), and shows evidence for thickening of matrix in its southern chaotic 
terrain (SC), which is elevated above the background terrain by up to ~800 m. 
Despite the distinct difference between the morphologies of the NS and the SC, 
they share a nearly continuous circular scarp boundary (red and black arrows), 
suggesting that they formed from a common subsurface disruption. Blocks A, B 
and C are calving at reactivated pre-existing fractures. Within the NS, the platy- 
blocks appear bent, presumably by basal thinning and subsidence, and the edge 
of the NS appears ready to break or is being thinned (red arrow). Tall scarps 
(black arrows) either cast shadows (southern facing) within the region’s interior 
or have bright faces (northern facing), demonstrating the relatively low-lying 
nature of the centre of Thera Macula. To the lower right, an older band or ridge 
complex interrupted by the disruption of Thera Macula appears to be swelling 
along its ridge-like lineations, consistent with brine infiltration and refreeze 
(blue arrow). The still sunken topography of Thera Macula is indicative of 
subsurface water. 
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Figure 3 | A new hypothesis for chaos formation. a, An ascending thermal 
plume in the subsurface approaches the pressure-melting eutectic point of the 
overlying impure brittle ice. b, Melting causes surface subsidence that 
hydraulically confines water, and produces tensile cracks. This behaviour is 
governed by the relationship’””° 


VO = (Pw — PSV Zp + EP;VZs (1) 


where , is the fluid potential at the lens base (initially the plume head), p; and 
Pw are the densities of ice and water, and z, and z, are the elevations of the base 
and the surface relative to the geoid, respectively. The slope factor, p;/(Pw — pi), 
which is dependent on the impurity content of the ice and water, determines the 
relative importance of the surface and basal slopes in controlling the direction 
of water flow. Equation (1) requires that the melt form a lens-shaped pocket 
with finite effective pressure due to the plume below and overburden from the 
ice above, unless the slope over the lens is p;/(Pw — p;) times steeper (and in the 
opposite sense) than the surface slope within the depression. Ultimately the lens 
top must reach hydraulic equilibrium between the melt volume and the melt- 
induced depression overlying it. c, Hydrofracture from the melt lens calves ice 
blocks, while fracture and brine infiltration form a granular matrix. d, Refreezing 
of the melt lens and freezing of now brine-rich matrix raises the chaos feature 
above surrounding terrain, and can cause domes to form between blocks and 
at margins. Note also that the topography at chaos margins can depend both 
on the ice type at the margin as well as the direction of the ice collapse. 
Where deep fractures of blocks define the margin, steep scarps are expected, 
whereas boundaries defined by matrix (or shallow fractures) will warp into a 
dome. 


(Fig. 3d). This now brash ice eventually swells in response to thermal 
expansion of freezing brines that fill its once empty pores and cracks. 
The thickening of brine-infiltrated ice will raise chaos terrains above 
undisrupted blocks of background terrain and form matrix domes, as 
confirmed by our analysis of the detailed topography of Conamara 
Chaos (Fig. 1; Supplementary Information section 1). 

Whereas block morphology and motion*”’ chronicle chaos 
kinematics, matrix preserves a record of its thermodynamics and 
Europa’s ice rheology. The addition of a minimum of 940 km’? of liquid 
water into the matrix is required to produce the average height of 
Conamara Chaos (Supplementary Information section 3); this is 
probably only a small fraction of the lens required to produce such a 
large feature. Also, the stability of any floating ice block to toppling 
within the matrix depends strongly on its shape’””*; rectangular blocks 
are stable against toppling for aspect ratios (thickness to width) below 
~1A4 (ref. 28). The smallest tilting blocks at Conamara Chaos thus give 
us an estimate of the depth to liquid water when they formed. The 
smallest upright but tilting (conditionally stable) blocks are ~2km 
wide"', and thus ~2.8 km thick, providing an estimate of the brittle 
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layer’s thickness and the minimum depth of water lenses. Ice block and 
matrix dome heights within Conamara Chaos (Fig. 1) are consistent 
with 10-35% ice porosity for reasonable brine densities (Supplemen- 
tary Information section 3). 

Most importantly, the lens-collapse model developed here makes 
testable predictions: whereas swelling matrix indicates lens freeze-out, 
liquid water may be found where the surface subsides and blocks ‘float’ 
above the matrix. At Thera Macula, we are probably witnessing 
active chaos formation (Fig. 2). The large concentric fracture system 
encircling Thera Macula resembles those of collapsing ice cauldrons’””° 
(Supplementary Fig. 4), and, given the absence of a continuous moat, 
suggests that subsurface melt and ice disaggregation is forming Thera 
Macula, rather than the collapse of a dome”. Topographic contrast 
indicates that the rapid freeze of matrix is occurring at the region’s 
south, but surface slopes, ice blocks and incomplete break-up to the 
north indicates that the lens below Thera Macula was liquid at the time 
of the Galileo encounter. Today, a melt lens of 20,000-60,000 km? of 
liquid water probably lies below Thera Macula; this equates to at least 
the estimated combined volume of the Great Lakes (Supplementary 
Information section 3). Although it is unclear how rapidly the break- 
up of Thera Macula took place, such a volume would take ~10°- 
10° years to freeze. Surface modification should be extensive just after 
the collapse and persist as long as the lens is mostly liquid, such that 
Thera Macula may have noticeable changes between the Galileo 
encounter and the present day. Such features can be well understood 
by coupled topographic and subsurface imaging”. 

The existence of globally distributed chaos terrain'’ argues that 
pervasive shallow subsurface water has existed and continues to exist 
within Europa’s icy shell; surface draw down at Thera Macula suggests 
that it exists within 3 km of the surface. The lens-collapse model pre- 
sented here explains previously discrepant observations of chaos 
(refs 10, 18; Supplementary Information section 4). Our work predicts 
that it is the scale of ascending plumes and local surface geology that 
produces diverse chaos morphologies, and thus our model may be 
extended to other features, such as Murias Chaos, as well as pits and 
domes. Our analyses suggest that ice-water dynamics are active 
today on Europa, sustaining large liquid lakes perched in the shallow 
subsurface. 
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Structural transformation in supercooled water 
controls the crystallization rate of ice 


Emily B. Moore! & Valeria Molinero! 


One of water’s unsolved puzzles is the question of what determines 
the lowest temperature to which it can be cooled before freezing to 
ice. The supercooled liquid has been probed experimentally to near 
the homogeneous nucleation temperature, Tj; ~ 232K, yet the 
mechanism of ice crystallization—including the size and structure 
of critical nuclei—has not yet been resolved. The heat capacity and 
compressibility of liquid water anomalously increase on moving 
into the supercooled region, according to power laws that would 
diverge (that is, approach infinity) at ~225 K (refs 1, 2), so there 
may be a link between water’s thermodynamic anomalies and the 
crystallization rate of ice. But probing this link is challenging 
because fast crystallization prevents experimental studies of the 
liquid below Ty. And although atomistic studies have captured 
water crystallization’, high computational costs have so far pre- 
vented an assessment of the rates and mechanism involved. Here 
we report coarse-grained molecular simulations with the mW 
water model* in the supercooled regime around Ty which reveal 
that a sharp increase in the fraction of four-coordinated molecules 
in supercooled liquid water explains its anomalous thermo- 
dynamics and also controls the rate and mechanisms of ice forma- 
tion. The results of the simulations and classical nucleation theory 
using experimental data suggest that the crystallization rate of 
water reaches a maximum around 225 K, below which ice nuclei 
form faster than liquid water can equilibrate. This implies a lower 
limit of metastability of liquid water just below Tj; and well above 
its glass transition temperature, 136 K. By establishing a relation- 
ship between the structural transformation in liquid water and its 
anomalous thermodynamics and crystallization rate, our findings 
also provide mechanistic insight into the observed* dependence of 
homogeneous ice nucleation rates on the thermodynamics of 
water. 

We performed large-scale molecular dynamics simulations with the 
mW water model, which represents a water molecule asa single particle 
with short-range anisotropic interactions that mimic hydrogen bonds’, 
to determine the temperature dependence of key thermodynamic 
properties of liquid water. Figure la presents the enthalpy, the heat 
capacity and the excess free energy with respect to ice, as liquid water 
is cooled at the lowest rate that still produces low-density amorphous 
ice (LDA) in simulations with the mW water model. We note that in 
our simulations most molecules in LDA are four-coordinated, as in ice 
albeit without long-range order®”’, and that the structural transforma- 
tion from liquid water to amorphous ice is sharp but continuous. This 
sharp yet continuous nature of the structural transition agrees with the 
conclusions from experiments on water confined in narrow silica 
nanopores that prevent ice crystallization® and from a thermodynamic 
analysis’ of bulk water outside the so-called ‘no-man’s land’ that 
stretches between the glass transition temperature (T,) and Ty. 

The enthalpy of liquid water (Fig. la, top panel) decreases steeply 
around the liquid transformation temperature T;, = 202 + 2 K (defined 
by the maximum change in density) and approaches the value for ice 
(Supplementary Fig. 1). The heat capacity C, (Fig. 1a, middle panel) 
reaches a maximum at T;, which is also the locus of maximum change 


in tetrahedrality and fraction of four-coordinated molecules’. We note 
that T, in the simulations is ~15 K above the singular temperature of 
the power law, T;, predicted by a fit of Cy obtained with the mW water’, 
and ~25 K below the T, ~ 225 K, estimated from the experimental Cy 
of water'’. Large patches of four-coordinated molecules—the sig- 
nature of LDA, and in an earlier simulation’ identified as the precursor 
of the ice nucleus—develop in supercooled water and grow on cooling 
following a power law that would peak at T; (ref. 7); recent small angle 
X-ray scattering experiments on supercooled water down to 250K 
(ref. 10) concur with our simulation results. 

The development of crystallinity in water on cooling is illustrated in 
Fig. 1b. We note that calorimetry and X-ray diffraction report 5% ice in 
LDA", which is the same fraction we find in our simulations (Sup- 
plementary Fig. 2). We also find that ice in LDA appears as small 
crystallites surrounded by threads of water with a local structure inter- 
mediate between ice and the four-coordinated liquid, and without 
long-range order. This ‘intermediate-ice’ structure accounts for 
~20% of all the water present in LDA (Supplementary Fig. 2) and 
may be a realization of the ‘gossamer percolative network’ of nano- 
crystallites predicted to form at temperatures for which the length scale 
for motions relevant to the structural relaxation of the liquid is larger 
than the critical nucleus size for crystallization’’. The large number of 
threads of intermediate-ice that appear on approaching and crossing 
T, illustrates a blurring of the boundary between clearly liquid struc- 
tures and clearly crystalline structures in deeply supercooled water. 
Below we show that this blurring heralds the effective limit of 
metastability of liquid water. 

Experimentally observed crystallization rates increase when cooling 
liquid water towards Ty, but increase on heating the glass around T,, 
implying the existence of a temperature T, of maximum crystallization 
rate in water’s ‘no-man’s land’. The top panel of Fig. 1a indicates that 
on decreasing the rate of cooling, crystallization—evidenced by a sharp 
decrease in enthalpy—first occurs at T;, and should thus be fastest 
at that temperature. Figure 2a presents the time-temperature- 
transformation (TTT) diagram of mW water; the circles indicate the 
ice crystallization times, t,, computed from more than 1,000 inde- 
pendent simulations. The data show that 1, is minimum at 
Tx ~ 200K, almost identical to T, = 202+2K. For comparison, 
Fig. 2b shows the TTT curve obtained when using nucleation theory 
and experimental data for water (Supplementary discussion A): the 
crystallization time tT, is predicted to be minimum and the crystalliza- 
tion rate maximum at T, ~ 225K, close to T, and just a few degrees 
below Ty. 

To disentangle the contributions of structural transformation and 
degree of supercooling in determining T,, we investigated the freezing 
of water that is confined in a 3-nm-diameter cylindrical nanopore and 
therefore exhibits a decrease in the melting temperature of ice from 273 
to 220 K for both the mW model” and experiment”. The simulations 
indicate that T, ~ T, ~ 200 K in the pore (Supplementary Fig. 3). We 
conclude that the freezing temperature of water is controlled by the 
structural transformation of the liquid and not merely the degree of 
supercooling. This explains the experimentally observed closing of the 
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Figure 1 | Evolution of the thermodynamics and structure of water on 
cooling. a, Enthalpy H (top panel), heat capacity C, (middle) and excess free 
energy G** (bottom) of liquid mW water on hyperquenching to LDA glass at 
10Kns_! (blue solid lines). Vertical dashed line indicates the liquid 
transformation temperature T,, which sets a lower limit of metastability (LLM) 
of liquid water. Thus H, C, and G™ for T < T; are not equilibrium quantities 
and depend on the cooling rate. Cooling mW water at 1 Kns_' (red line, top) 
results in crystallization at T,, where the crystallization rate is maximum. On 
cooling towards Ty, Cp follows a power law (green dashed line, middle)* with 
exponent 1.5 as in experiments’ and T, about 35 K lower. G™ in the simulations 
(blue line, bottom) is in excellent agreement with G™ in experiments (solid cyan 
line)’; the dashed cyan line shows the experimental G™ extrapolated below Ty 
(ref. 5). b, Ice (red) and intermediate-ice (green) in: ice formed by cooling water 
atl Kns_! (top), LDA formed by quenching water at 10 Kns — " (middle) and in 
liquid water at T;, (bottom). Lines connect water molecules within 3.5 A. 


gap between freezing and melting of confined water on decreasing the 
radius of the confining nanopore™. 

We also determined the number of water molecules N* in the 
critical ice nuclei (including their sheath of intermediate-ice) through 
the mean first passage time (MFPT) method”’. Our values of N* (~120 
at T, + 6 Kand ~90 at Ty + 3K) are in good agreement with N* (70- 
210) deduced from freezing of water in micelles around Ty (ref. 16). 
The critical nucleus size is determined by liquid-ice thermodynamics, 
well reproduced by the mW model (Supplementary discussions B and 
C). Critical nuclei around T;, + 3 K havea broad distribution of shapes 
(Fig. 2c), indicating a lowering of the ice-liquid surface tension as the 
structural gap between ice and liquid narrows on approaching T,. The 
fraction of four-coordinated water molecules in the liquid wetting the 
nuclei at T;, + 3 K is 50% larger than the average for the whole liquid 
(Supplementary Fig. 4); this corroborates the conjecture put forward in 
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Figure 2 | Kinetics of ice crystallization and critical ice nuclei. a, Time- 
temperature transformation (TTT) diagram of mW water. Blue circles indicate 
average times T, to crystallize 70% of water. The error bars indicate the range of 
crystallization times measured in the simulations and show a large dispersion of 
crystallization times above Ty, due to the stochastic nature of the nucleation 
process. Water crystallizes within the ‘nose’ (the blue-shaded area). The 
crystallization time is the shortest around 200 K, close to T;, = 202 + 2K. 
Nucleation and growth times become comparable at T;, (Supplementary Fig. 5). 
Above Ty, crystallization is limited by the rare formation of critical ice nuclei 
and supercooled water can be studied in the metastable liquid state (orange 
shaded area). Below T,, crystallization occurs before relaxation of liquid water 
and the liquid exists only for times too short for its equilibration (yellow shaded 
area). The maximum crystallization rate predicted by the mW model is 
J=(t,V)'~10°’cm *s |, several orders of magnitude faster than measured 
for water down to Ty, because crystallization rates are proportional to water 
mobility (Supplementary Information section A), which is overestimated by 
the mW model*”’. b, TTT curve predicted using classical nucleation theory and 
experimental data for water. The x axis represents the time normalized by the 
minimum value of the crystallization time, Tt minimum: The nose resulting from 
crossover between nucleation and growth occurs at 225 K, between the 
experimental T}; and T,. The colour code of the shaded areas is the same as in 
a. ¢, Critical ice nuclei at the lowest temperature for which liquid water can be 
equilibrated, T;, + 3 = 205 K in the simulations, contain ~90 water molecules 
and a wide range of compactness. The spread in the radius of gyration (Rg) of 
the nuclei (Supplementary Figs 6 and 7) suggests that the liquid-ice surface 
tension is very low on approaching T;. d, Number of molecules in the largest ice 
nucleus for representative simulations at 208 K (red line; at this temperature, 
crystallization is dominated by stochastic nucleation) and at 192 K (green line; 
where nucleation is fast and crystallization proceeds at the pace of growth). 


an earlier study’ and suggests that four-coordinated water patches that 
form in the supercooled liquid stabilize the crystal nuclei. 

The minimum in crystallization times around T, signals a crossover 
in the mechanism of ice crystallization, from nucleation-dominated 
above T,, to growth-dominated below T;, (Fig. 2d). The lack of a well- 
defined nucleation plateau in the MFPT plot at T;, (Supplementary 
Fig. 5) is evidence of concurrent nucleation and growth, and implies 
that the barrier for nucleation is comparable to the thermal energy, RT 
(where R is the gas constant; Supplementary discussion D)'*. The 
growth time of the crystallites is comparable to or shorter than the 
relaxation time of the liquid because the growth rate is proportional 
to the diffusivity of supercooled liquid water’’, which decouples from 
the structural relaxation'® (Supplementary discussions A and D). Thus 
liquid water cannot be equilibrated in the simulations at T< T,, + 3K: 
ice nucleates before the liquid has time to equilibrate. We conclude that 
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the structural transformation in supercooled water around T, sets the 
effective lower limit of metastability (LLM) of supercoooled water. 

In fact, a kinetic limit of stability for the liquid state was anticipated by 
Kauzmann”, as the resolution of his entropy paradox: “the barrier to 
crystal nucleus formation, which tends to be very large just below the 
melting point, may at low temperatures be reduced to approximately the 
same height as the free energy barriers which impede molecular reor- 
ientations in the liquid (...). Under these circumstances crystal nuclei will 
form and grow at about the same rate as the liquid changes its structure 
following a change in temperature or pressure.” An extension of this 
argument considered the decoupling of diffusion and viscosity in super- 
cooled liquids and concluded that an LLM must be reached at Tim > To, 
where the latter indicates the temperature at which the excess entropy of 
the liquid would become lower than the entropy of the crystal'’. The 
experimental power-law increase in C, of liquid water on cooling sup- 
ports the existence of an LLM of water between Tim > T. ~ T; = 225K 
and Ty; ~ 232K (Supplementary discussions A and D); our analysis 
concurs with the prediction of a kinetic spinodal in water at ~230K 
based on the fluctuation theory of relaxation of metastable states”®. 

The above arguments for real water, using classical nucleation theory 
and experimental data, predict a lower limit of metastability close to the 
‘nose’ of the TTT curve, between T, and T;;—as predicted by our simula- 
tions. We therefore conclude that between Tyyy, (~T,, > T;) and T,, 
liquid water is not metastable and can only be studied over times shorter 
than needed for its equilibration. The low nucleation barriers and 
considerable water diffusivity around Ty, make partial crystallization 
unavoidable, even at the fastest attainable cooling rates. Therefore the 
glass transition of LDA at T, ~ 136K does not produce metastable 
liquid water, but rather a less viscous liquid unable to relax before 
crystallizing. The lack of ergodicity in liquid water below ~225K 
may explain the feeble heat capacity signature at T, that puzzled 
scientists for decades*'. 

Various theoretical scenarios, involving a retracing spinodal of super- 
heated water, a first-order and a continuous liquid-liquid transition, 
have been proposed to explain the thermodynamic anomalies of water 
and predict its fate in ‘no-man’s land". These scenarios assume that 
metastable liquid water exists below Ty;. The results of the present work 
suggest that the structural transformation that causes the anomalies of 
water is also responsible for the demise of the liquid state. Water has 
been proposed to first convert to low-density liquid (LDL) and then 
crystallize”, but our results (reported here and in ref. 27) suggest that 
crystallization occurs faster than LDL’s equilibration. It has been argued 
that LDL can be equilibrated in simulations using the ST2 model’**’; 
recently reported free energy maps of ST2 and mW models, however, do 
not display a basin for LDL”. We also note that our calculations indicate 
that water crystallization in ‘no-man’s land is limited only by the growth 
rate of the crystallites, which decreases on cooling. So extrapolation of 
crystallization rates from the nucleation-dominated region above Ty to 
temperatures below 225 K—that is, to temperatures relevant for cloud 
formation and crucial for the formulation of climate models—would 
severely overestimate the rates of ice formation. 


METHODS SUMMARY 


Simulations were performed with LAMMPS” using the mW water model’, which 
reproduces the structure, anomalies and phase behaviour of water at less than 1% 
of the computational cost of atomistic models (Supplementary discussion B). 
Thermodynamic properties of the liquid were computed as indicated in Online 
Methods for simulation cells containing 32,768 molecules at pressure p = 1 atm 
and a linear decrease in temperature at 10Kns_'. Ice was identified with the 
CHILL algorithm’. Crystallization times indicate average times to crystallize 
70% of ~150 independent constant pressure and temperature simulations with 
4,096 molecules at each temperature. Nucleation times and the average critical size 
and radius of gyration of the nuclei were determined from MFPT analysis’® of the 
crystallization trajectories. Identification of individual critical nuclei was per- 
formed through evaluation of their individual crystallization probability over 
200 independent simulations for each nucleus, starting with the same configura- 
tion and randomized momenta. 
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METHODS 


Simulations. All molecular dynamics simulations were performed with LAMMPS”. 
Equations of motion were integrated using Velocity Verlet with a time step of 10 fs. 
Bulk simulations were conducted in the NpT ensemble, with p = 1 atm. Temperature 
and pressure were controlled with the Nose-Hoover thermostat and barostat, with 
time constants of 1 and 5 ps, respectively. The target temperature was decreased 
linearly in the cooling ramp simulations. Water was modelled with the mW poten- 
tial’. Three different systems were used in this study: (1) the thermodynamics of bulk 
water was determined through cooling ramps with simulation cells containing 32,768 
mW water molecules; (2) the isothermal crystallization simulations were performed 
with cells containing 4,096 mW water molecules, after checking that it produced 
consistent results with a simulation cell containing 13,768 molecules; and (3) the 
confined water system consisted of the 3 nm cylindrical nanopore used in the studies 
of ref. 31 and contained 2,123 water molecules embedded in a 5,840-molecule pore. 
The interactions between pore-wall and water are chosen to be as water with water, to 
minimize the effect of the pore-wall on the liquid’’. The pore was headless to ensure 
that the crystallization occurs within the shaft of the pore. The pore was 90% filled to 
allow for expansion of the water as it is cooled and forms ice. The nanopore simula- 
tions were performed in the NVT ensemble, although it should be noted that the 
water inside is at zero pressure as the pore is not fully filled. 

Thermodynamic properties. The enthalpy, H = E + pV, was directly computed 
along the simulation trajectories and saved every 0.2 ps or less and averaged over 
100 ps running intervals. The heat capacity was obtained through numerical dif- 
ferentiation of H with respect to temperature. The excess entropy of liquid water 
with respect to ice (Supplementary Fig. 1) was obtained through integration of the 
change in entropy from the value at the melting point, AS,, = AH,y/Tm; 


T ex('T 
X(T’) 
t, 2" 


S*(T) =ASm (Tn) | aT’. (1) 


where the excess heat capacity of liquid with respect to ice is cp (T') = 


ane )—¢s*(T"). C,(T) was computed in ref. 32, as well as the excess free 
energy, G* = H™ — TS, that here we extend down to 150K. We note that at 
temperatures lower than 205 K the liquid cannot be equilibrated and the thermo- 
dynamic properties depend on the rate of cooling, which determines the fraction of 
water that crystallizes to ice. 

Identification of the ice nuclei. The CHILL algorithm’? was used to distinguish 
between molecules with local order of liquid, ice I, and molecules with local 
ordering intermediate between that of ice and liquid, that here we call intermediate- 
ice and that we have called interfacial ice elsewhere!*’, because it also forms on the 
interface between well defined crystallites and the liquid phase. An ice nucleus 
consists of clusters of molecules with any ice-like local environment, including 
both ice I and intermediate-ice. Ice nuclei are defined by clustering of ice and 
intermediate-ice molecules using 3.5 A cut-off to define connected neighbours. 
Crystallization simulations at constant temperature. To produce a large 
set (more than 100) of independent trajectories at each temperature, starting 
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configurations were selected at 500 ps intervals from a single simulation at 
300K. From the starting configuration, the temperature was instantaneously 
quenched to the temperature of interest, Tguench> from 192 to 208 K, and the time 
was set to zero. The crystallization time, t,, is the time required to convert 70% of 
the water into ice. Nearly 1,000 simulations up to 350ns in length each were 
collected. The crystallization time of mW water at 180 K was taken from ref. 27. 
Nucleation times and critical nuclei size. We used the mean first passage time 
(MFPT) method as implemented in ref. 15 to determine the characteristic time- 
scale of nucleation. The number of water molecules in the largest ice nucleus, N, 
and its radius of gyration, Rg, were chosen as order parameters for the advance of 
the crystallization. The radius of gyration, Rg, and non-sphericity, NS, of the nuclei 
were determined as described in ref. 7. With the size of the ice nuclei as the order 
parameter, the nucleation time Thucteation and the critical nuclei size, N*, can be 
determined. For a series of trajectories at a given temperature, the mean time of 
first appearance is recorded for the largest nucleus in each configuration. A plot of 
the MFPT, the time it takes for a given nucleus size, N, to grow rather than dissolve 
for the first time, versus nuclei size results in a sigmoidal curve that can be 
described by the following equation:'° 


oN) = Set 1 + erf|(N—N*) el} (2) 
where t(N) is the MFPT as a function of cluster size, N, and c is a constant. The 
plateau of the sigmoidal curve gives the nucleation time, and the inflection point 
corresponds to the critical nucleus size, N*. 

Crystallization probability of individual nuclei. A series of simulations were run 
to compare the growth probabilities of selected nuclei of size predicted to be critical 
by the MFPT method based on radius of gyration. Configurations containing a 
potentially critically sized nucleus, with size N*, were chosen and the R, and NS of 
the nucleus were recorded. A series of 200 simulations were run from a set of 
independent configurations at 205K, each initiated with newly randomized 
velocities, resulting in 200 unique simulations from each starting configuration. 
The probability of growth from the initial nucleus was calculated as the fraction of 
trajectories that resulted in nuclei growth after 5 ns, larger than the average growth 
time at 205K, 2+ 1ns. 

Local liquid environment of the nuclei. The liquid solvation shell of the crystalline 
clusters was analysed for the crystallization trajectories at 200 and 205 K. The shell 
was defined as the molecules of the liquid within 3.5 A of any molecule of the 
crystal nucleus (the latter includes the intermediate-ice). We computed the ratio of 
four-coordinated (N,4) to higher-coordinated molecules (Nj) around the ice nuclei 
and compare it with the ratio for the whole system (which is about 40 times larger 
than the nuclei). 
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Reconstructed changes in Arctic sea ice over the 


past 1,450 years 


Christophe Kinnard!, Christian M. Zdanowicz?, David A. Fisher’, Elisabeth Isaksson®, Anne de Vernal* & Lonnie G. Thompson°® 


Arctic sea ice extent is now more than two million square kilometres 
less than it was in the late twentieth century, with important con- 
sequences for the climate, the ocean and traditional lifestyles in the 
Arctic'*. Although observations show a more or less continuous 
decline for the past four or five decades**, there are few long-term 
records with which to assess natural sea ice variability. Until now, the 
question of whether or not current trends are potentially anomalous’ 
has therefore remained unanswerable. Here we use a network of 
high-resolution terrestrial proxies from the circum-Arctic region 
to reconstruct past extents of summer sea ice, and show that— 
although extensive uncertainties remain, especially before the six- 
teenth century—both the duration and magnitude of the current 
decline in sea ice seem to be unprecedented for the past 1,450 years. 
Enhanced advection of warm Atlantic water to the Arctic’ seems 
to be the main factor driving the decline of sea ice extent on 
multidecadal timescales, and may result from nonlinear feedbacks 
between sea ice and the Atlantic meridional overturning circula- 
tion. These results reinforce the assertion that sea ice is an active 
component of Arctic climate variability and that the recent decrease 
in summer Arctic sea ice is consistent with anthropogenically forced 
warming. 

Sea ice cover in the Arctic has been steadily decreasing over recent 
decades, with record losses in recent years’”. The late-summer ice 
cover, mainly composed of thick multi-year ice, has been shrinking 
the fastest (—8.6% per decade)*, which may soon result in an ice-free 
Arctic Ocean’. The loss of sea ice is having, and will continue to have, 
profound repercussions on the climate, ocean circulation, ecology and 
economics of the Arctic’. The short period of historical and satellite 
observations (about 100 years) hampers our understanding of natural 
variability of sea ice, so that longer time series are much needed to place 
recent trends in a long-term context. Although a few multi-centennial 
records exist in the European Arctic’, full hemispheric coverage began 
only in the late nineteenth century’. Here we present a reconstruction 
of variability in sea ice cover in the Arctic over the past 1,450 years 
based on a network of high-resolution climate proxy records from the 
circumpolar region. Our proxy-based reconstruction is compared with 
other temperature and atmospheric circulation reconstructions and 
indices to identify natural drivers of variability in sea ice in pre-industrial 
times. 

Sea ice cover is thermodynamically and dynamically controlled by 
both the atmosphere and the ocean. A proxy-based reconstruction 
should therefore include atmospheric as well as oceanic proxies (such 
as water temperature or salinity). Unfortunately there are currently 
very few oceanic proxy records of sea ice cover with high (less than 
10-year) temporal resolution**”. Alternatively, terrestrial archives can 
be used to document the atmospheric forcing of, or atmospheric res- 
ponse to, changes in sea ice cover*’®"'. Ice cores preserve signals of 
atmospheric temperature, moisture source and marine aerosol load- 
ings, all of which may be linked to sea ice conditions'"'’. Similarly, 
tree-ring and lake sediments from circum-Arctic sites reflect coastal 


summer climate conditions'’, which may also be linked to sea ice 
cover". In this study we used a combination of these records to recon- 
struct variability in Arctic sea ice cover at a five-year resolution since 
AD 561. We used partial least-square (PLS) regression’* to reconstruct 
the summer Arctic sea ice cover, after calibration of the multiproxy 
network against observational sea ice data over the late nineteenth and 
twentieth centuries. This approach is founded on the assumption that 
a component of the temporal covariance of the proxy network is 
related to the extent of Arctic sea ice cover, and that the relationships 
between individual proxies and sea ice cover were the same during and 
before the calibration period. These methods are widely applied for 
hemispheric-scale palaeoclimate reconstructions, and their merits and 
shortcomings were recently reviewed”. 

We used a circum-Arctic array of 69 proxies primarily derived 
from ice core records (n = 52), but also including some long tree-ring 
chronologies (11), lake sediments (4) and two historical series of sea ice 
observations (Fig. 1 and Supplementary Table 1). The ice-core proxies 
are the stable isotope ratio of oxygen (5'%O), an indicator of air tem- 
perature and/or water vapour source and transport history; the per- 
centage of infiltration ice, a proxy for summer warmth, and the 
concentrations of sea-salt ions (Na* or Cl’) and oceanic methane- 
sulphonate, which are linked to sea ice openness and/or sea surface 
windiness’*. Tree-ring widths are largely used to infer past summer 
temperatures, as are lake varve thicknesses'’. Historical data include 
the reconstructed ice severity index for Iceland and the mean position 
of the August ice edge in the Barents Sea. All selected proxies have a 
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Figure 1 | Map of the Arctic showing the location and type of proxies used in 
the reconstruction and ocean sediment cores used for comparison. Red and 
blue contours respectively delineate the ice edge in August 2007 and 1951, the 
years of minimum and maximum ice extent from gridded historical sea ice data’. 


1Centro de Estudios Avanzados en Zonas Aridas, Benavente 980, Casilla 554, La Serena, 1720170, Chile. Geological Survey of Canada, NRCAN, Ottawa, Ontario, K1A OE8, Canada. 3Norwegian Polar 
Institute, FRAM - High North Research Centre on Climate and the Environment, NO-9296 Tromsg, Norway. “GEOTOP, Université du Québec a Montréal, PO Box 8888, Montréal, Québec, H3C 3P8, Canada. 


Byrd Polar Research Center, Ohio 43210, Columbus, USA. 


24 NOVEMBER 2011 | VOL 479 | NATURE | 509 


©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


time resolution better than five years. Because only terrestrial proxies 
are considered, coverage is poor in the central Arctic. However, sea ice 
variability is greatest in the marginal ice zone (the transition zone 
between the polar ice pack and open ocean), which is well sampled 
by our proxy network (Fig. 1). Many ice core records are from 
Greenland. This spatial heterogeneity in proxy coverage is handled 
by the calibration method used in the reconstruction (see Methods). 

An historical index of late-summer (August) extent of Arctic sea ice 
(the area of the ocean with at least 15% ice concentration) was used for 
calibration against the proxy network over the period 1870-1995. The 
index integrates a gridded compilation of Northern Hemisphere sea 
ice data’ with additional data coverage for the Russian Arctic obtained 
from a separate source'®. The August ice extent was used because 
historical data from the Russian Arctic are only available for this 
month. The total Arctic ice extent in August is close to the 
September annual minimum, which corresponds approximately to 
the multi-year ice cover (Supplementary Fig. 1). Additional details 
on the historical sea ice data sets used are given in the Supplemen- 
tary Information. 

An exploratory Empirical Orthogonal Function (EOF) analysis was 
first applied on the proxy network over their common time interval, 
1843-1995. Unsurprisingly, a dominant temperature-related signal 
was found. However, a second orthogonal mode was also revealed 
whose temporal variation tracked the late-summer extent of Arctic 
sea ice (Supplementary Figs 3 and 4 and Supplementary Informa- 
tion). These findings support our hypothesis that the proxy network 
contains an embedded climate signal specifically related to sea ice 
variability, which we sought to extract by using a PLS calibration 
approach (Methods). A skilful reconstruction of sea ice extent was 
possible back to aD 561 (Fig. 2a). The Reconstruction of Error skill 
statistic decreased from 0.84 in the most recent period to 0.43 at 
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Figure 2 | Validation statistics for the reconstruction. a, Shaded grey/black, 


Reconstruction of Error (RE) statistic; continuous and dashed red lines, 99% 
and 95% confidence levels on RE from Monte Carlo noise simulations, 
respectively; blue line, number of potential proxy predictors; dashed blue line, 
number of proxies retained for prediction; dashed black line, calibration 
period 1870-1995. b, Multiscale validation: the black contour delineates 
significant RE values (P< 0.01); the inset shows the mean RE 99% threshold 
for significance by period. c, Observed ice extent record (black) over the 1870- 
1995 calibration interval and ice extent predicted by the reduced calibration 
sets during cross-validation, for four distinct reconstruction steps (coloured 
points). 
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AD 561, after which it became undistinguishable from chance occur- 
rence (P < 0.01). Multiscale cross-validation (see Methods) shows sig- 
nificant positive skill at all timescales (period more than five years) 
after AD 1600, but prior to that, because the number of proxies 
decreases with increasing age, only the lower frequencies are recon- 
structed and with decreasing skill. At AD 561 only time periods larger 
than 25 years are reconstructed, with wider confidence intervals 
(Fig. 2b, c). A systematic bias towards overestimated reconstructed 
ice extent is apparent during the past 10-15 years, especially for the 
earlier proxy-sparse periods (Fig. 2c), which may indicate that the 
most recent abrupt changes in the Arctic climate system may not be 
fully captured by the proxies used’”. 

Our proxy-based reconstructed history of late-summer Arctic sea 
ice extent over the period AD 561-1995 is presented in Fig. 3a along 
with the observed sea ice record. The reconstruction and observational 
record were smoothed with a 40-year lowpass filter to highlight the 
best-resolved frequencies (Fig. 2b). The uncertainty range around the 
reconstruction widens notably before about AD 1600 as a result of 
reduced proxy availability and consequent decrease in reconstruction 
skill. Within this uncertainty range, this reconstruction suggests that 
the pronounced decline in summer Arctic sea ice cover that began in 
the late twentieth century is unprecedented in both magnitude and 
duration when compared with the range of variability of the previous 
roughly 1,450 years. The most prominent feature is the extremely low 
ice extent observed since the mid-1990s (T1 in Fig. 3), which is well 
below the range of natural variability inferred by the reconstruction. 
Before the industrial period, periods of extensive sea ice cover occurred 
between AD 1200 and 1450 and between AD 1800 and 1920. Intervals of 
sustained low extent of sea ice cover occurred before AD 1200, and may 
be coincident with the so-called Medieval Warm Optimum (roughly 
AD 800-1300) attested in numerous Northern Hemisphere proxy 
records'*, but the pre-industrial minimum occurred before, at about 
AD 640 (T3 in Fig. 3). Two episodes of markedly reduced sea ice cover 
also occurred in the late sixteenth and early seventeenth centuries (T2 
in Fig. 3). However, by the mid-1990s the observed decrease in sea ice 
cover had exceeded the lower 95% confidence limit of these pre- 
historical minima. Our findings support a previous study suggesting 
that the impact of anthropogenic climate warming on Arctic sea ice 
became detectable from the early 1990s onwards"”. The present decline 
in sea ice is occurring at a pace seen in earlier episodes, but the 
sustained trend (now nearly 50 years long) is unprecedented in the 
1,450-year reconstruction period presented here. 

We compared our reconstruction of late-summer sea ice cover 
derived from terrestrial proxies with independent proxy records of 
regional sea ice conditions derived from ocean sediment cores. 
Records for the seasonal duration of sea ice in the Chukchi Sea’ 
(Fig. 3b) and Fram Strait’? (Fig. 3c), reconstructed from dinocyst 
assemblages, share some of the temporal features of our reconstruc- 
tion, in particular a pre-industrial minimum around ap 640 in Fram 
Strait (T3 in Fig. 3), and an apparently marked decrease in sea ice cover 
between AD 1450 and 1620 in both the Fram Strait and Chukchi Sea 
(T2 in Fig. 3). Other dinocyst records from northern Baffin Bay and the 
Beaufort Sea in the Canadian Arctic also show a sea ice minimum 
around AD 1600 (ref. 21). However, a more detailed comparison is 
impossible, given the relatively coarse temporal resolution (15- 
100 years) of oceanic records. The similarity between our Arctic-wide 
sea ice reconstruction and the dinocyst-based record from Fram Strait 
suggests that this area, which represents the main connective pathway 
between the Arctic and the mid latitudes*”’, had a key role in Arctic- 
wide variations in sea ice extent at interdecadal timescales. Sea ice 
occurrence in the Barents Sea (Fig. 3d) and in northern Iceland 
(Fig. 3e) was reconstructed from the sea ice biomarker IP25, which 
reflects springtime conditions when diatoms bloom*”’. The Barents 
Sea record shows similarities to our Arctic-wide reconstruction and 
the other records: low values at AD 1600, an increase afterwards and a 
minimum in the late twentieth century. The record from northern 
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Figure 3 | Comparison between reconstructed late-summer Arctic ice 
extent and other Arctic sea ice, climate and oceanic proxy records. a, Forty- 
year smoothed reconstructed late-summer Arctic sea ice extent with 95% 
confidence interval. b, Chukchi Sea ice cover duration reconstructed from core 
92-B5 (ref. 9). c, Fram Strait sea ice cover duration reconstructed from core 
JM04 (ref. 20). d, Normalized IP25 flux in the BASICC-8 sediment core, a proxy 
for springtime sea ice occurrence in the western Barents Sea. The timescale used 
is the average of the two published timescales, corresponding to high and low 
sedimentation rate alternatives”. e, Relative abundance of IP25 in core MD99- 
2275, a proxy for springtime sea ice occurrence along the northern coast of 
Iceland’*. f, Reconstructed Arctic surface air temperature anomalies”. Our sea 
ice reconstruction includes 9 of the 23 proxies used in this reconstruction. 

g, Two reconstructions of the NAO index**”®. The Cook02 record mainly 
reconstructs interannual variations”’; its variance was matched to the Trouet09 
record, which reflects decadal-scale changes”. h, Reconstructed sea surface 
temperature (SST) and salinity in Fram Strait’®. All records with a time 
resolution smaller than 40 years were interpolated to 1 year and then smoothed 
with a 40-year lowpass filter. The dashed lines in a, b, c and f are from modern 
observations. The dotted line in c is interpolated between modern observations 
and the reconstruction. The shaded grey areas T1-T3 delineate the periods of 
reduced ice extent discussed in the text. 
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Iceland differs somewhat from the other reconstructions, with a markedly 
low incidence of sea ice before AD 1200 and a general increase after- 
wards (Fig. 3e). Accordingly, the Iceland ice severity index is well 
correlated with the Iceland IP25 record’, but not with the Arctic-wide 
historical ice extent record, and it has a small weight in the reconstruc- 
tion (Supplementary Table 1). The occurrence of sea ice along the 
Icelandic coast during winter and spring partly reflects sea ice advec- 
tion (drift) out of the Arctic rather than ice edge position and sea ice 
extent. 

To evaluate the influence of temperature and dynamic (circulation) 
forcings on Arctic sea ice extent, we compared our 1,450-year sea ice 
history with proxy-based reconstructions of Arctic surface atmo- 
spheric temperatures (SATs)* and of the North Atlantic Oscillation 
(NAO) index”*’®. The SAT record shows a sustained cooling trend 
over about the past 1,250 years followed by an abrupt and pronounced 
warming in the twentieth century (Fig. 3f). The NAO index also 
decreased from about AD 1100 onwards, with recent (positive) index 
values rising sharply in the mid-twentieth century (Fig. 3g). Although 
the cooling SAT trend is matched by increasing ice extent before 
AD 1450, both records are otherwise poorly correlated (r= —0.12). 
This reinforces our view that the proxy-based sea ice reconstruction 
is not just another surrogate Arctic temperature history but instead 
captures a sea-ice-related climate signal that is not uniquely driven by 
changes in SATs. Our reconstructed sea ice history is also poorly 
correlated with the reconstructed NAO indices (Trouet09, r = 0.03; 
Cook02, r = —0.13). Hence, the anticorrelation between Arctic sea ice 
cover and the NAO and related Arctic Oscillation (AO) index reported 
for recent decades” is not readily apparent over the extended sea ice 
reconstruction. These comparisons suggest that, over the past 1,450 
years, changes in the summer extent of Arctic sea ice were not solely 
forced by SATs or by the NAO/AO, but more probably by a combina- 
tion of these (and/or other) forcings. 

The pronounced decrease in ice cover observed in both our terrestrial 
and oceanic proxy-based reconstructions between the late fifteenth and 
early seventeenth centuries occurred during the widespread cooling 
period known as the Little Ice Age (about Ap 1450-1850 (ref. 18)). 
Reconstructed Arctic SATs show episodes of warming during this per- 
iod (Fig. 3f), but according to our results the decrease in Arctic sea ice 
extent during the Little Ice Age was more pronounced than during the 
earlier Medieval Warm Optimum. A recent climate model simulation 
of the fifteenth-century Arctic warming (about AD 1470-1520) suggests 
that it could have been solely driven by enhanced southerly advection of 
warm air into the Arctic’. This is not evident from the reconstructed 
NAO indices, which alternate between positive and negative and hence 
do not indicate a markedly increased meridional atmospheric circula- 
tion at that time (Fig. 3g). In contrast, positive, synchronous sea surface 
temperature and salinity anomalies in Fram Strait during this period 
inferred from dinocyst assemblages (Fig. 3h) suggest increased advec- 
tion of warm and saline water from the North Atlantic into the Arctic 
Ocean”, and this could have accounted for a decrease in sea ice cover in 
the Arctic Ocean. Similarly, the pre-industrial minimum in sea ice 
cover at about aD 640 occurred at the beginning of the Dark Age 
Cold Period (about AD 600-900 (ref. 28)) under overall cold conditions 
but was accompanied by increased northward advection of Atlantic 
water (Fig. 3h). These observations suggest that at multidecadal to 
centennial timescales, the Arctic sea ice cover during the pre-industrial 
period may have varied primarily in response to the advection of warm 
Atlantic water into the Arctic, perhaps as part of internal coupled 
ocean-atmosphere-sea ice oscillations”. Similarly, heat transfer to 
the Arctic by warm Atlantic water has been shown recently to be 
unprecedented over the past 2,000 years” and may be the main driver 
for the sustained loss of Arctic sea ice over recent decades. In the present 
state of knowledge, anthropogenically forced (‘greenhouse gases’) 
warming stands out as a very plausible cause of the record atmospheric 
and oceanic warmth of the recent decades, which may soon lead to an 
ice-free Arctic Ocean in summer. 
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METHODS SUMMARY 


We used PLS regression, a multivariate calibration method widely used in analytical 
chemistry'®, to calibrate the multiproxy ensemble against modern observations of 
sea ice. The PLS method uses an iterative procedure to generate a set of orthogonal 
vectors (scores), which are linear combinations of the predictor variables (proxies) 
and have maximum covariance with the predictand vector (ice extent). PLS con- 
stitutes a more flexible approach in our case in which sea ice is not the dominant 
signal in the proxy network, and it is also ideally suited to deal with a large spatial 
array of collinear predictor variables, because it permits spatially clustered and/or 
collinear variables to be combined into fewer vector(s). To account for the uneven 
number of proxies over time, we used a ‘stepwise’ calibration approach'””®, in which 
new PLS models were constructed as an increasing number of proxies become 
available over time. For each model a proxy selection algorithm chose the best 
subset of predictors based on the available proxies and their contribution to the 
prediction skill (Methods). At most, 45 proxies were used as predictors in the most 
recent period, and a minimum of eight proxies were used in the last segment of 
the reconstruction (Fig. 2a). Model skill was estimated by moving block cross- 
validation. The Reduction of Error statistic, which predominantly measures the 
low-frequency skill of a reconstruction*’, was used as the prediction skill dia- 
gnostic as in previous studies'””*°. We also introduced a multiscale validation 
procedure to assess the predictive skill of each PLS model at different timescales, 
by applying cross-validation at separate frequency bands (Supplementary 
Information). The statistical significance of the model prediction skill was deter- 
mined by Monte Carlo simulations with auto-correlated noise (Methods). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Proxies pre-processing. The year 1995, beyond which many proxies terminate, 
was chosen as the end point for the calibration interval. Proxies with missing values 
in the 1870-1995 calibration interval were filled on the basis of their covariance 
with the other proxy records, using an EOF-based data-filling procedure** 
(Supplementary Information). All proxies were interpolated to a resolution of 
lyear then smoothed to 5-year resolution with a lowpass filter. Extreme proxy 
values (+4 s.d. around the mean) were deleted and interpolated linearly. Both the 
proxies and the sea ice series were mean-centred over the calibration interval, and 
the proxies were also standardized to unit variance over the same interval. 
Calibration methods. Various methods have been used to calibrate climate obser- 
vations against a multiproxy network, ranging from simple compositing and vari- 
ance scaling (CPS), to multivariate climate field reconstructions (CFR)'*****. In 
our case, because sea ice cover is not the dominant signal in the proxy network, a 
simple CPS approach could not be used. PLS regression’*** was used to calibrate 
observations of sea ice extent with the proxy network. A small number of PLS 
vectors is usually retained to model the predictand and to guard against statistical 
overfitting. PLS is similar to Canonical Regression*® and Principal Component 
Regression (PCR) used in previous palaeoclimate reconstructions*****’. However, 
in PLS, vectors are computed and ranked by their covariance with the predictand 
series, whereas in PCR the vectors are determined solely by the covariance between 
the predictors, using EOF. The number of potential predictors (proxies) k 
decreased back in time, from 69 in AD 1995 to 12 at AD 561 (Fig.2a). The calibration 
was performed over the period 1870-1995 (n = 126years) using a ‘stepwise’ 
approach’”*”’, in which new PLS models were constructed as an increasing num- 
ber of proxies become available over time. PLS projects the predictor matrix X (the 
proxies) into a set of orthogonal score vectors f that successively maximize the 
covariance with the dependent variable y (sea ice extent). A reduced number of 
scores, a<k, is retained for the prediction of y. The PLS model for a single 
predictand variable is expressed by 


X=TP'+E 


y=Tq' +f 


where T [1 X a] is the score matrix; P [k X a] is the loading matrix of X; E [n X k] is 
the residual matrix of X; q is the loading matrix of y and f[n X 1] is the vector of y 
residuals. The matrix transpose is expressed by the prime symbol. The PLS scores 
and loadings are calculated successively using the Nonlinear Iterative Partial Least 
Square (NIPALS) algorithm. For a single predictand variable y, the NIPALS algo- 
rithm is as follows: 
(1) Compute a vector of weights w = X'y/(y'y). 
(2) Normalize the weights vector w = w/||w/|| (Euclidean norm). 
(3) Calculate the score vector t = Xw. 
(4) Calculate the loadings for X and y as P= X't/(t't) and q = y't/(t't). 
(5) The residuals f in y are given by f= y — tq’. 
(6) The deflated (residual) matrix of predictors is E= X — tp’. 

Each consecutive component (1, ... , a), in the model is computed as in step 1 
with X = E and y=f, and all vectors are stored in matrices. Once the desired 
number of components has been calculated, the final model can be expressed by 


p=Xb+f 
b=W(P'W) 'q 


where b [k X 1] is the vector of regression coefficients for a PLS model with a 
components and W [k X a] is the weight matrix of X. 

Model validation. Because of its strong persistence and relatively short length 
(n = 126 years), the observed sea ice record has a low degree of freedom (about 9), 
which impedes discarding long segments of data for validation, as done elsewhere’’”*. 
Instead, we used a moving-block strategy”’, in which all possible contiguous blocks 
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of 15 year length were successively removed from the full data set, and PLS was 
applied on the reduced calibration set and validated on the excluded block. The 
Reduction of Error (RE) statistic, which predominantly measures the low fre- 
quency skill of a reconstruction*’, was used as the prediction skill diagnostic as 
in previous studies'”*°*°. A mean RE statistic was calculated from all excluded 
blocks. This procedure effectively amounts to successively removing one degree of 
freedom from the original data before applying calibration. The block size 
(15 years) was estimated from the autocorrelation function of y and corresponds 
to the effective time between two independent observations (Supplementary 
Information). A backwards variable selection algorithm was incorporated in the 
cross-validation (CV) procedure to retain the best subset of predictors in each 
model”. A Jack-knife estimate of the variance of the PLS slope vector b was 
obtained from CV and the variable with the least significant contribution to the 
model was removed, before reapplying PLS calibration and CV until all variables 
retained were found to be significant. At most, 45 proxies were used as predictors in 
the most recent period, and a minimum of eight proxies were used in the last 
segment of the reconstruction (Fig. 2a). The 95% confidence interval on the recon- 
struction was calculated from the cross-validation residuals. We also introduce a 
multiscale validation procedure to assess the predictive skill of the PLS models at 
different timescales. The observed ice extent record as well as ice extent predicted 
by the perturbed PLS models (those trained on the reduced calibration sets during 
CV) were transformed into separate frequency bands by using the continuous 
wavelet transform, and a mean RE statistic was calculated at each band (Fig. 2b 
and Supplementary Information). 

Model dimensionality. The number of PLS components a retained for the pre- 
diction of y determines the model dimensionality. Including too many compo- 
nents can lead to statistical over-fitting (modelling noise), whereas too few 
components will cause under-fitting, meaning that the model does not capture 
all the variability in the data. A calibration test was first applied to determine model 
dimensionality: the significance of the covariance between the successive y and t 
vectors was tested by Monte Carlo noise simulation, by randomizing the Fourier 
phase of y 1,000 times and calculating the product t’y at each iteration. The 
number of components a significantly different from noise (P < 0.1) was retained. 
A validation test was also applied, by examining a plot of the root mean squared 
error (r.m.s.e.) calculated from cross validation as a function of a, and choosing the 
value a resulting in a clear minimum r.m.s.e. Both methods generally agreed, but 
when they differed the smallest a value was retained (Supplementary Fig. 8). 
Model verification. One-tailed statistical significance tests for the prediction skill 
of the final PLS models were performed with the same randomization technique 
described above. A total of 300 surrogate proxy data sets (‘nonsense predictors’) 
were created and used to predict the record of sea ice extent, and the skill metric 
(RE) was calculated each time. Models with skill significantly different (P < 0.01) 
from noise were retained (Fig. 2a and Supplementary Fig. 9). 
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Evidence for an oxygen-depleted liquid outer core of 


the Earth 


Haijun Huang", Yingwei Fei?*, Lingcang Cai*, Fugian Jing'*, Xiaojun Hu', Hongsen Xie”, Lianmeng Zhang® & Zizheng Gong’ 


On the basis of geophysical observations, cosmochemical con- 
straints, and high-pressure experimental data, the Earth’s liquid 
outer core consists of mainly liquid iron alloyed with about ten per 
cent (by weight) of light elements’”. Although the concentrations 
of the light elements are small, they nevertheless affect the Earth’s 
core: its rate of cooling, the growth of the inner core, the dynamics 
of core convection, and the evolution of the geodynamo**. Several 
light elements—including sulphur, oxygen, silicon, carbon and 
hydrogen—have been suggested’, but the precise identity of the 
light elements in the Earth’s core is still unclear. Oxygen has been 
proposed as a major light element in the core on the basis of 
cosmochemical arguments and chemical reactions during accre- 
tion®*. Its presence in the core has direct implications for Earth 
accretion conditions of oxidation state, pressure and temperature. 
Here we report new shockwave data in the Fe-S-O system that are 
directly applicable to the outer core. The data include both density 
and sound velocity measurements, which we compare with the 
observed density and velocity profiles of the liquid outer core. 
The results show that we can rule out oxygen as a major light 
element in the liquid outer core because adding oxygen into liquid 
iron would not reproduce simultaneously the observed density and 
sound velocity profiles of the outer core. An oxygen-depleted core 
would imply a more reduced environment during early Earth 
accretion. 

To examine the possibility of S and O being the main light elements 
in the outer core, we conducted shockwave experiments in the Fe-S-O 
system to produce pressure and density data along the Hugoniot: a 
sequence of thermodynamic equilibrium states. Both oxygen-rich 
(6-8 wt% O and 2-3wt% S)’ and sulphur-rich (1-3 wt% O and 
6-10 wt% S)* cores have been proposed, on the basis of geochemical 
and geophysical arguments, element partitioning or theoretical calcula- 
tions. We prepared two Fe-S-O starting materials, an oxygen-rich 
Feo9OgS2 (Fe:O:S = 90:8:2 in weight per cent) and a sulphur-rich 
Feg7.5O22S5.3 (Fe:O:S = 92.5:2.2:5.3 in weight per cent). The Hugoniot 
data on both samples were obtained using the impedance match- 
ing method? and are listed in Table 1. A least-squares fit to the 


Table 1 | The Hugoniot data of Feg2 502 2S5.3 and FeggOgS> 


Hugoniot data yields a linear relationship between shock velocity U, 
and particle velocity u, whereby U, = 3.71(£0.12) + 1.61(+0.04)u, 
for Fe925022S5.3. The Hugoniot data for Feo9OgS2 yielded 
U, = 3.97(£0.07) + 1.58(£0.03)u, (ref. 10). Figure 1 shows the shock 
pressure-density relations for Feo25022S53 and Feo9OgS2. The 
Hugoniot data for Fe, FeO and FeS (refs 11-15) are also shown for 
comparison. 

Using the same Fey, 50 S53 starting material and the reverse- 
impact method’*’’, we obtained the bulk sound velocities of 
7.15(+0.31)kms ' and 7.63(+0.30)kms ’ at 92.6GPa and 
112.9 GPa, respectively. These data represent the sound velocities of 
solid Feo 5022553. We conducted additional experiments at higher 
pressures using the optical analyser technique’® and clearly observed 
melting at a pressure between 144 GPa and 160 GPa (Supplementary 
Fig. 6). The bulk sound velocities of liquid Feo. 5O22S5.3 were deter- 
mined up to 208 GPa (Table 2). 

We have reported the sound velocities of Feg90gS2 in our recent 
study of the melting behaviour of FegyOgS, determined by the optical 
analyser technique. Clear melting of Feo9OgS2 was observed between 
149 GPa and 167 GPa and the sound velocities at pressures above 
167 GPa represent the bulk sound velocities of liquid Feg9OgSp. 

Figure 2 shows the bulk sound velocities of Fe :5O7 S53 and 
FeogOgS2 as a function of density, compared with the bulk sound 
velocities of pure iron'”**. Adding O and S increases the bulk sound 
velocity of iron at the same density, but O and S have different effects 
on the bulk sound velocity. The bulk sound velocities of Fes9OgS2 are 
higher than those of Feg7.5O2S;,3, indicating that O has a stronger 
effect on the bulk sound velocities of iron than S. 

To model both the densities and the bulk sound velocities of the 
liquid outer core, we developed a thermodynamic model that repro- 
duces the observed density p and bulk sound velocity Cg data. Details 
of the model are given in the Methods section. Using the equations of 
state of endmembers (Fe, FeO and FeS), we calculated the densities of 
Feg7 50.2553 and FeggOgSz as a function of pressure along the 
Hugoniot using the additive law”. The calculated results agree well 
with the Hugoniot data for both oxygen-rich and sulphur-rich iron 


Shot number Impactor Sample Impact velocity Initial density Particle velocity Shock velocity Pressure (GPa) Density (gcm~3) 
(kms~!) (gem~3) (kms?) (kms~!) 
080903 Cu Feg2.5022S5.3 3.03 (0.02) 6.88 (0.02) 1.66 (0.02) 6.38 (0.02) 73.0 (0.7) 9.31 (0.09) 
081226 Feg2.502.2S5.3 LiF 5.48 (0.03) 6.87 (0.02) 1.94 (0.01) 6.92 (0.13) 92.6 (2.3) 9.56 (0.10) 
081225 Feg2.502 255.3 LiF 6.25 (0.02) 6.88 (0.03) 2.21 (0.01) 7 A2 (0.12) 112.9(2.5) 9.80 (0.10) 
080911 Cu Feg2.5022S5.3 4.57 (0.02) 6.87 (0.03) 2.48 (0.02) 7.71 (0,02) 131.6(1.0) 10.14 (0.09) 
080918 Ta Feg2.5022S5.3 5.77 (0.03) 6.86 (0.03) 3.58 (0.02) 9.45 (0.03) 232.6 (2.4) 11.06 (0.08) 
040701* Cu Fegq0gS2 2.77 (0.02) 6.70 (0.01) 1.52 (0.02) 6.44 (0.02) 65.4 (0.7) 8.76 (0.08) 
040607* Cu Fegq0gS2 3.89 (0.02) 6.69 (0.03) 2.12 (0.02) 7.29 (0.06) 103.6 (1.0) 9.44 (0.09) 
040611* Cu FegqOgS2 4.69 (0.02) 6.70 (0.02) 2.55 (0.02) 8.00 (0.02) 136.8 (1.0) 9.84 (0.09) 
040601* Ta Fegq0gS2 5.42 (0.03) 6.69 (0.02) 3.35 (0.03) 9.25 (0.04) 207.4 (2.0) 10.48 (0.07) 


* Data are from ref. 10 and the errors have been re-analysed to be consistent with the current data set. 
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Figure 1 | The density-pressure relationships for Fey, 5055.3 and 
Feg90gS2. The solid curves represent the calculated Hugoniot curves for 
Feg7.5O22S5,3 (open circles) and Feg9OgS3 (solid circles’’) based on the additive 
law using the Hugoniot data for Fe, FeS and FeO. Hugoniot data sources are ref. 
11 for Fe (solid squares), refs 12 and 13 for FeS (open and solid diamonds, 
respectively) and refs 14 and 15 for FeO (open and solid triangles, respectively). 
Dashed lines represent the Hugoniot curves for the high-pressure phases hcp- 
Fe, B8-FeO and FeS-IV. 


alloys in the Fe-S—O system (Fig. 1). Using the same additive law based 
on the corresponding parameters of Fe, FeO and FeS (listed in table 3 
of ref. 18), we calculated the bulk sound velocities from the equations 
of state and the thermodynamic parameters (see Methods). The cal- 
culated bulk sound velocities for Feg2 502.2553 and FeogOgS2 along the 
Hugoniot reproduce the shockwave measurements well (Fig. 2). We 
emphasize that the model calculations were based on the equation of 
state derived from the experimental Hugoniot data and the ther- 
modynamic parameters and are independent of the experimental mea- 
surements of the bulk sound velocity. The excellent agreement 
between the model calculations and experimental measurements pro- 
vides a self-consistent density and bulk sound velocity data set with 
which to model the Earth’s core. 

To compare the measured densities and velocities of Feo: 5022553 
and FeggOxS, with the observed density and velocity profiles in the 
outer core, we calculated the densities and bulk sound velocities of 
Feg2.502.2S5.3 and Feg9OgS2 along the adiabatic temperature profile 
T = Ticp(p/picg)’, using the Griineisen parameter y = 1.5 and the 
temperature of the inner core boundary Ticg = 5,400K (ref. 18). 
Figure 3a and b shows the pressure-density and the sound velocity- 
density relationships, respectively, compared with the PREM model”. 
The density calculations include the density change at melting 
APmetting!Psotia Which is about 0.6% at 330GPa, using a melting 
entropy value of 0.79R (where R is the gas constant)’*. The value is 
smaller than the value (~1.2%) for melting of pure iron derived from 
recent thermodynamic calculations*®. The densities of FeoyOgS. are 
significantly lower than the observed values throughout the Earth’s 
outer core, whereas the densities of Feo25O22S53 are slightly higher 


Table 2 | Sound velocity measurements of Feg2.502.2Ss.3 
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Figure 2 | The bulk sound velocity as a function of density for Fey, 502255. 
and Feo90gS2. The error bars correspond to the experimental uncertainties 
listed in Table 2. The purple and blue lines represent the calculated bulk sound 
velocities of FeggOgS2 and Feg2 502 S53 along the Hugoniot, respectively, 
compared with the experimental data for FegyOgS, (solid squares'*) and 
Feg7.5O 2553 (solid circles). The sound velocities of liquid iron along the 
Hugoniot (open”’ and solid’ triangles) are also shown, together with the room- 
temperature bulk sound velocities of hcp-Fe by static compression (open 
circles’ and crosses”). The calculated results along the Hugoniot (red line) and 
at 300 K (black line) are plotted for comparison. 


than the observed values at the top of the outer core and cross over near 
the bottom of the outer core but within the 0.75% density uncertainty 
of PREM (Fig. 3a). The bulk sound velocities of Feg9OgS, are signifi- 
cantly higher than PREM, deviating from PREM by about 10% at the 
bottom of the outer core. The bulk sound velocities of Feg2 5O2.2S5.3 
match the PREM values at the top of the core, but they deviate from 
PREM at the bottom of the outer core, about 5% higher than the PREM 
values, because of a larger dC,/dp slope (Fig. 3b). Because oxygen has a 
strong effect on the bulk sound velocity, high oxygen content leads to a 
bulk sound velocity that is too high compared to PREM for the liquid 
outer core, especially towards the bottom of the outer core. Therefore, 
an oxygen-rich liquid outer core would not be consistent with the 
geophysical observations. 

We calculated the density and velocity profiles for a series of com- 
positions with different oxygen and sulphur combinations. The com- 
position of FeggOo.5S9.5 provides the best fit to both density and 
velocity profiles of the outer core (Fig. 3). Whereas the density fit is 
almost perfect, the measured dCz/dp slope is still slightly higher than 
observations. We assessed the uncertainties of the calculated bulk 
sound velocities—4.9% for Feo25022S53 and 3.8% for Feg90sS2— 
propagated from errors associated with Hugoniot parameters, the 
Griineisen parameter, and the specific heat (see Methods). These 
assessed uncertainties from the model calculations are comparable 
to the errors on the measured bulk sound velocities, which are <5%. 
We also assessed the uncertainties in density and velocity caused by 
the temperature uncertainty in the core. A 10% uncertainty in Tic 


Shot number Method Impactor Sample Impact velocity Shock velocity Particle velocity Pressure Density Longitudinal Bulk velocity 
(kms~!) (kms~!) (kms~!) (GPa) (gem~*) _velocity(kms~') — (kms~4) 

081226  Reverse-impact Fe92502255.3 LiF 5.48(0.03) 6.92(0.13)  3.53(0.01) 92.6(2.3) 9.56(0.10) 8.28(0.27) 7.15(0.31) 
081225  Reverse-impact Feg92.5022S5.3 LiF 6.25(0.02) 7.42(0.12) 4.03(0.01) 112.9(2.5) 9.80(0.10) 8.42(0.24) 7.63(0.30) 
110426 Optical analyser Ta Feg25022S5.3 423(0.03) 7.94(0.16) 2.63(0.02) 143.5(3.3) 10.27(0.11) 8.95(0.41) Not measured 
110510 = Optical analyser Ta Feg25022S5.3 455(0.03) 8.25(0.17) 2.82(0.02) 159.9(3.5) 10.44(0.11) 868(0.40)  8.68(0.40) 
110427 ~=Optical analyser Ta Feg25022S5.3 483(0.03) 8.52(0.17) 2.99(0.02) 174.9(3.8) 10.58(0.12) 8.69(0.38)  8.69(0.38) 
110505 = Optical analyser Ta Feg2.5022S5.3 5.25(0.03) 8.92(0.18) 3.24(0.03) 198.5(4.3) 10.78(0.13) 9.14(0.41) 9.14(0.41) 
110511 = Optical analyser Ta Feg25022S5.3 5.42(0.03) 9.08(0.18) 3.34(0.03) 208.4(4.5) 10.86(0.13) 9.31(0.42) 9.31(0.42) 
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Figure 3 | Density versus pressure and bulk sound velocity for Fey. 502.2S5.35 
Feg90gS2, Feg909,.5S9.5 and pure iron along the adiabatic geotherm, 
compared with the PREM model”. a, Density and pressure relationship. 

b, Density and bulk sound velocity relationship. The error bars indicate 5% and 
4% errors in bulk sound velocity for Feg2 502 255.3 and FeggOgS2, respectively, 
and 1.6% error in density which includes 1.3% error from the uncertainty in the 
core adiabat and 1% experimental error. The size of the crosses, corresponding 
to 0.5% uncertainty in sound velocity and 0.75% uncertainty in density, is 
intended to illustrate the effect of possible uncertainties in PREM on the 
composition models. 


contributes only a small uncertainty in bulk sound velocity (<0.5%), 
but a comparable uncertainty in density (~1.3%). 

The PREM density of the liquid outer core is about 10% smaller than 
that of pure iron (Fig. 3a). Adding oxygen and sulphur into iron melt 
lowers the density. A range of compositions with different amounts of 
oxygen and sulphur could match the PREM density profile, but the 
number of combinations that could fit both density and velocity pro- 
files is much smaller. The best fit to both density and velocity profiles 
allows only 0.5 wt% oxygen in the liquid core for an Fe-S—O core. The 
maximum amount of oxygen permissible in the liquid outer core is 
influenced by the estimates of errors on the density and bulk sound 
velocity. Figure 3 illustrates the importance of error estimates and 
simultaneous fit to the density and velocity profiles to place bounds 
on the amount of light elements in the core. For example, the 
Feg2 5022Ss,3 composition gives a reasonable match to the PREM density 
within the allowed uncertainties (Fig. 3a), but its bulk sound velocities 
increasingly deviate from PREM velocities towards the bottom of the 
outer core, reaching a deviation of 5% (Fig. 3b). Our analyses indicate 
that any Fe-S-O core compositions with more than 2.5 wt% oxygen 
would not be able to provide good matches to both density and bulk 
sound velocity profiles of the liquid outer core within the 5% error in bulk 
sound velocity and 1.6% error in density. 

A sulphur-rich core would meet the geophysical requirements. 
Geochemical constraints usually place 2-3 wt% S in the core”. An 
oxygen-poor core would be consistent with a highly reduced early 
Earth accretion environment, leaving room for silicon and carbon in 
the core. Recent continuous accretion models, constrained from side- 
rophile-element-partitioning data, point towards more reduced con- 
ditions during early Earth accretion, leading to a core with low oxygen 
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and high silicon contents”. This study provides an independent 
constraint on the oxygen content in the core, placing less than 
2.5 wt% oxygen in the liquid outer core with an optimal value of 
0.5 wt%. In terms of oxygen content in the core, our result is in a good 
agreement with a recent core composition model (~8 wt% Si, ~2 wt% 
Sand ~0.5 wt% O) based on core-mantle element-partitioning data”, 
but it does not support the prediction that oxygen is the major light 
element in the core on the basis of ab initio calculations’. The presence 
of silicon in the core would reinforce the idea of an oxygen-depleted 
outer core, because this is required by the partitioning data. Replacing 
some of the sulphur with silicon in the current composition model 
could easily meet the density requirement of the outer core, but the 
match to the bulk sound velocity will need to be tested with new 
shockwave data in the Fe-S-Si system. 


METHODS SUMMARY 


The shockwave experiments were performed using a two-stage light gas gun. The 
Hugoniot data were obtained using the impedance-matching method’. The sound 
velocities were determined using the reverse-impact method’*”” and the optical 
analyser technique’*. The particle velocity history at the impact interface was 
measured using a displacement interferometer system for any reflector. Using 
the reverse-impact method, we determined the bulk sound velocity through the 
relationship between the Lagrangian bulk sound velocity and the particle velocity 
during unloading. Using the optical analyser technique, we measure the time 
intervals of the samples with different thicknesses to obtain the catch-up thickness 
of the sample. The Lagrangian sound velocity was determined from the thickness 
and velocity of the Ta flyer, and the catch-up thickness and shockwave velocity of 
the sample. 

We developed a thermodynamic model to calculate the densities and bulk sound 
velocities as a function of pressure and temperature. The thermodynamic para- 
meters for endmembers (Fe, FeO and FeS) were optimised from shockwave data. 
The calculations include the lattice and electronic contributions to the specific heat 
and the Griineisen parameter. Using the additive law, we calculated the densities 
and bulk sound velocities of alloys in the Fe-S-O system. We also assessed the 
uncertainty in the calculated bulk sound velocity caused by the Hugoniot para- 
meters, the Griineisen parameter, the specific heat and core temperature. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


The shockwave experiments were conducted on two Fe-S-O starting materials, 
with Fe:O:S element ratios of 90:8:2 and 92.5:2.2:5.3 in weight per cent. The 
starting materials were synthesized from mixtures of high-purity Fe, FeS and 
Fe,03 powder at 330 MPa and 850°C. The FeO; in the synthesized samples 
was reduced to FeO completely, indicated by Méssbauer spectroscopy and 
X-ray diffraction measurements. The bulk densities of the samples were measured 
using the Archimedean immersion method and listed in Table 1. For the target 
assembly, we used 12 electrical pins, 60 degrees apart, in two circles around the 
periphery of the sample on the base plate. The sample was centred on the base plate 
with an additional 13 electrical pins in two circles and at the centre. All the 
electrical pins are spring-loaded against a 6-um Mylar insulating layer. The 
Hugoniot data were obtained using the impedance-matching method’. 

The sound velocities of Feo25O22Ss.3 were determined by both the reverse- 
impact method’*”” and the optical analyser technique'*. The reverse-impact 
method provides measurements of both the longitudinal and bulk sound velocities, 
whereas the optical analyser technique yields the longitudinal sound velocity 
before melting and the bulk sound velocity of liquid. The sample Feo2.5O2 285.3 
(a disk of 30-mm diameter by 2-mm thickness) was used as a flyer to impact 
directly the LiF single crystal coated with a 3-j1m aluminium film, using a two- 
stage light gas gun. An 8-j1m aluminium foil is mounted in the front of the film with 
epoxy. At impact, shock waves D, and Dr were generated in the sample and the foil, 
respectively. Supplementary Fig. 1 shows the particle velocity history at the impact 
interface for two experiments (numbers 081225 and 081226), measured using an 
all-fibre displacement interferometer system for any reflector (DISAR)* with a 
time resolution of 1 ns. At time fo, shock wave D; reaches the film-LiF interface. 
When D, reaches the rear surface of the sample, it propagates forward as a rar- 
efaction wave and reaches the foil-window interface at ft). The longitudinal sound 
velocity C, is derived by: 


L, Po 
ee ei!) 1 
(im) L/D, 9 
where L,, po and p are the thickness of the sample, and the initial and compressed 


densities, respectively. If we can determine the elastic-plastic transition point at t 
during unloading, the bulk sound velocities Cg can also be determined by: 


Ch= 


L, Po 

a (t2—to) —L,/Ds p 2) 
However, it is often difficult to determine t, precisely from the particle velocity 
history. To obtain the bulk sound velocity precisely, we establish the Lagrangian 
bulk sound velocity as a function of the particle velocity during unloading, as 
shown in Supplementary Fig. 2. The intersections of the dashed lines correspond 
to the Lagrangian bulk sound velocities. The bulk sound velocity is derived by 
multiplying the Lagrangian bulk sound velocity by po/p. 

Supplementary Fig. 3 shows the experimental configuration for the sound 
velocity measurements using the optical analyser technique with multiple sample 
thickness. To measure accurately the time interval of rarefaction sound velocity 
and shock wave D, when they reach the Ta foil, we used the DISAR to monitor the 
particle velocity of the interface between the foil and LiF window. Supplementary 
Fig. 4 shows the particle velocity history for experiment 110505. The measured 
time intervals are 579 ns, 536ns and 500 ns for samples with the thicknesses of 
1.535 mm, 2.336 mm and 3.065 mm, respectively. A linear fit yields the catch-up 
thickness of the sample, d=12.74 (+0.06mm_ standard deviation) 
(Supplementary Fig. 5). The Lagrangian sound velocity C! can be determined by: 


++ (3) 


where dr is the thickness of the flyer, Df is the Lagrangian velocity of the flyer and 
Dx is the Lagrangian shockwave velocity of the sample. The details of the sound 
velocity determination were discussed in ref. 18. 
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We also calculated the bulk sound velocity Cy from a thermodynamic model 
using: 


dP 
cj = —-Vv? (=) i. + YeCyT (4) 


dp 
The volume V and (5) are calculated from the equation of state: 
VT 


Ts a, * Des 
AV.T)=Pu(V) + | Yetcs qt 4 lef TAS | rec ar (5) 
0 Vv tT, V 
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where yeg Tm, AS and Cy are the effective Griineisen parameter, the melting 
temperature, the melting entropy, and the specific heat at constant volume (super- 
scripts s and | indicate solid and liquid), respectively. Po(V) is the equation of state at 
zero Kelvin. In this study, we obtain Po(V) from the Hugoniot pressure Py(V,T) by: 


Tu ay 
Pa(v)=Pu(V.T)~ | acy ar (6) 
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The shock temperatures were calculated according to ref. 19. The thermodynamic 
parameters for endmembers (Fe, FeO and FeS) and for the Fegg0S, alloy are listed in 
ref. 18. For the Feo: 502 2Ss,3 alloy, we used the following parameters: po = 6.880 g 
om, Cy =3.71£0.12kms |, A = 1.61 + 0.04, Yo = 1.82 + 0.10, q = 0.85 + 0.10, 
Bo = 0.12 + 0.03 Jkgt K ’, and «= 141+ 0.08. The parameters fo and K were 
used to calculate the electronic contributions to the specific heat'*. Cy and A are 
the Hugoniot parameters and their uncertainties were derived from fitting the shock- 
wave and particle-velocity data. The lattice contributions of the Griineisen parameter 
is described by = yo(po/p)?. 

Using the model described above, we calculated the bulk sound velocity along 
Hugoniot. The calculations were based on the equation of state derived from the 
experimental Hugoniot data and the thermodynamic parameters, independently 
from the bulk sound velocity measurements. The calculated bulk sound velocity 
for Fe 25022553 reproduces the measured bulk sound velocity well 
(Supplementary Fig. 6). The difference in the calculated bulk sound velocity 
between solid and liquid is negligible (<0.1%). 

The errors on the measured bulk sound velocities for Feo: 5O22Ss.3 range from 
3.9-4.6%. The main source of uncertainty in the model calculations is from uncer- 
tainty in the derived Po(V) caused by Hugoniot parameters, the Griineisen para- 
meter, and the specific heat. We estimated errors in the calculated bulk sound 


velocity using: 
8Cg,,\’ [OCp 2 if 65 \F 
(S ai) +(2 Ay) ) + ae. + 


1/2 
Cp 2 (8G. \* 
(eae) +(e) 


Using the errors associated with these parameters, we calculated the upper and lower 
bounds of the bulk sound velocities, shown in Supplementary Fig. 6. The propagated 
errors in sound velocity at outer core pressures are 4.9%, comparable to the largest 
uncertainty of the measured bulk sound velocity (Supplementary Fig. 6). The mea- 
sured bulk sound velocities, including their uncertainties, are well represented within 
the envelope of the calculated bounds on the bulk sound velocities over a wide 
pressure range, further strengthening the applicability of the model to the core. 
The errors on the measured bulk sound velocities for FeoyOgS, are smaller, 
ranging from 3.1% to 3.7%. Using the same procedure, we have also calculated 
the uncertainties in the calculated bulk sound velocity for Fegg0gS. The propa- 
gated errors in sound velocity at outer core pressures are 3.8%, smaller than that 
for the Feo2, 502 2Ss,3 composition. The uncertainties in the Hugoniot parameters 
directly contribute to the uncertainties in the derived equation of state at zero 
Kelvin, having a large influence on the propagated errors in sound velocity. The 
uncertainties in the Hugoniot parameters for Feg9OgS, are smaller than those for 
Feo2,.5O> 255.3; leading to the smaller errors in the calculated bulk sound velocities. 
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Changes in plant community composition lag behind 
climate warming in lowland forests 
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Climate change is driving latitudinal and altitudinal shifts in species 
distribution worldwide'”’, leading to novel species assemblages**. 
Lags between these biotic responses and contemporary climate 
changes have been reported for plants and animals’. Theoretically, 
the magnitude of these lags should be greatest in lowland areas, 
where the velocity of climate change is expected to be much greater 
than that in highland areas®. We compared temperature trends to 
temperatures reconstructed from plant assemblages (observed in 
76,634 surveys) over a 44-year period in France (1965-2008). Here 
we report that forest plant communities had responded to 0.54 °C of 
the effective increase of 1.07°C in highland areas (500-2,600 m 
above sea level), while they had responded to only 0.02 °C of the 
1.11 °C warming trend in lowland areas. There was a larger temper- 
ature lag (by 3.1 times) between the climate and plant community 
composition in lowland forests than in highland forests. The 
explanation of such disparity lies in the following properties of 
lowland, as compared to highland, forests: the higher proportion 
of species with greater ability for local persistence as the climate 
warms’, the reduced opportunity for short-distance escapes*”, 
and the greater habitat fragmentation. Although mountains are 
currently considered to be among the ecosystems most threatened 
by climate change (owing to mountaintop extinction), the current 
inertia of plant communities in lowland forests should also be noted, 
as it could lead to lowland biotic attrition”®. 

Despite the general pattern of poleward and upward range shifts'”, 
the timing, magnitude and direction of these biotic responses vary 
greatly among species and geographic conditions’**. This variation 
can prevent biotic communities from migrating as intact units in res- 
ponse to climate change’. Since the last interglacial, biotic communities 
have been reshuffled, leading to the formation of novel species assem- 
blages linked to new climatic conditions**. Recent changes supporting 
this pattern have occurred within plant and animal communities in 
response to contemporary climate warming’*'*. Even though these 
biotic signals are coherent with climate change’, many studies suggest 
a lag between the magnitude of climate warming and the reshuffling 
observed in biotic communities*'*’”-'°. However, comparisons between 
the extent of the observed biotic signals and that expected based on the 
intensity of climate warming are still scarce, especially for lowland areas, 
which offer no short-distance escapes for species facing climate 
change*”. If biotic communities respond synchronously without lagging 
behind climate warming, current species compositions would reflect 
contemporary climatic conditions within both lowland and highland 
areas. However, the greater velocity of climate change in lowland areas 
compared to highland areas® suggests that reshuffling in biotic com- 
munities is more likely to lag behind climate warming in lowland areas 
compared to highland areas. However, this theory remains unverified. 

Climate change in France has been characterized by increases in 
mean annual temperatures of far greater magnitude than the worldwide 


average, reaching up to about +1.05 °C on average during 1987-2008 
(Supplementary Fig. 2), compared to about +0.35°C for the worldwide 
average”. Assuming that species assemblages can be used to infer 
climatic conditions at a given location and time (an approach com- 
monly used by paleoclimatologists”', who refer to the relationship as a 
transfer function), we report a study monitoring plant communities 
across French forests over 44 years, 1965-2008 (totalling 76,634 
surveys; Supplementary Figs 1, 3 and 4). Here we compare temperature 
trends reconstructed from observed reshuffling of plant assemblages 
(‘floristically reconstructed’ temperatures based on 760 species; 
Supplementary Table 1) with temperature trends reconstructed from 
instrumental records and climate models (‘climatically reconstructed’ 
temperatures based on 237 stations; Supplementary Fig. 5) in lowland 
(<500 m a.s.l.) and highland forests (500-2,600 m a.s.l.) (Supplemen- 
tary Methods). Changes in floristically reconstructed temperatures 
involve reshuffling of plant community composition towards more 
heat- or cold-demanding species assemblages. Following the current 
climate warming, small differences between floristically and climatically 
reconstructed temperatures may indicate important reshuffling of 
plant community composition, close to the magnitude of climate 
change (that is, high recovery of the climate-flora equilibrium; 
Fig. 1). In contrast, large differences between floristically and climatically 
reconstructed temperatures may indicate that reshuffling in plant com- 
munities lags behind climate warming (that is, low recovery of the 
climate-flora equilibrium; Fig. 1). 

Before the contemporary climate warming event (1965-86; Sup- 
plementary Fig. 2), we found no significant differences between 
floristically and climatically reconstructed temperatures in lowland 
and highland forests (Table 1), suggesting close equilibrium between 
species composition in biotic assemblages and temperature conditions. 
In contrast, during the current climate warming period (1987-2008), we 
found significant differences between floristically and climatically recon- 
structed temperatures in lowland and highland forests (Table 1), indi- 
cating a lag in the response of herbaceous forest species to climate 
change. In lowland forests, we found no significant increase in florist- 
ically reconstructed temperatures between 1965-86 and 1987-2008 
(+0.02 °C on average), whereas climatically reconstructed temperatures 
increased by +1.11°C on average (Table 1a). In contrast, the floristically 
reconstructed temperatures of highland forests increased by +0.54 °C, 
with climate warming reaching + 1.07 °C over the same period (Table 
1b). This discrepancy indicates an important lag in the response of 
herbaceous forest species to climate change, being 3.1 times larger in 
lowland forests (temperature lag = 1.29 °C on average) than in highland 
forests (temperature lag = 0.42 °C on average; Table 1). In 2008, the 
most recently investigated year, this lag decreased to an average of 
0.28 °C in highland forests but was still 1.26 °C in lowland forests (Fig. 2). 

Our results suggest that the recovery of forest plant communities 
facing climate warming is weak in lowland forests but strong and fast 
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Figure 1 | Theoretical response of plant communities to climate warming. 
a, Floristically (green scale; FrT) and climatically (red; CrT) reconstructed 
temperature trends over time. The green scale (0-100%) describes different 
hypothetical floristically reconstructed temperature trends corresponding to 
increasing intensity of the plant community responses and leading to 
increasing recovery of the climate-flora equilibrium (measured as the actual 
change in FrT over time relative to the effective change in CrT over the same 
time period; see Supplementary Methods for complete formula). 

b, Temperature niche separation among 10 virtual species. The range of 
temperature requirements for each species is represented by a vertical line. 

c, Three illustrative cases of increasing recovery of the climate—flora 
equilibrium in plant community composition (based on the 10 virtual species in 


in highland forests, reaching +0.26 °C per decade (Fig. 2). This rate of 
increase in floristically reconstructed temperatures confirms the 
results of a previous study, which reported a similar trend of 
+0.25 °C per decade for herbaceous forest plants in the French moun- 
tains, despite the use of a completely different approach based on the 
comparison of species’ optimum elevation between 1905-85 and 
1986-2005”. In a Mediterranean forest, the flora turnover observed 
over the last decade was half that expected from temperature 
changes”, whereas we found that reshuffling of forest plant com- 
munities recovered 0% and 60.7% (up to 68.2% in 2008) of the effective 
temperature increase between 1965-86 and 1987-2008 in lowland and 
highland areas, respectively. In highland forests, plant communities 
even completely recovered the effective change in temperature (that is, 
no significant differences between floristically and climatically recon- 
structed temperatures) for the years 1991, 1999, 2002, 2004 and 2005 
(Fig. 2). Thus, lowland areas seem to be one of the least reactive 
terrestrial ecosystems to climate warming with respect to forest plant 
communities. 

Several possible factors may explain the lower recovery of forest plant 
communities in response to climate warming in lowland versus high- 
land areas. First, the larger proportion of cosmopolitan and thermo- 
philous species (Supplementary Methods) in lowland communities 
(75.2% and 15.3% on average) compared to highland communities 
(67.2% and 8.8% on average) may result in a greater tolerance of low- 
land communities to climate warming throughout local persistence’. 
We did not find any significant changes in the composition of lowland 
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b). Bottom, absence of climate-flora equilibrium recovery, corresponding to 
plant communities composed mainly of cold-demanding species, reflecting 
temperature conditions before climate warming (To), and leading to an 
important temperature lag between FrT and CrT. Middle, partial recovery of 
the climate-flora equilibrium, corresponding to reshuffled plant communities, 
leading to a mixed assemblage of cold- and heat-demanding species and to 
reduced temperature lag between FrT and CrT. Top, complete recovery of the 
climate-flora equilibrium, corresponding to important reshuffling of the plant 
community, leading to an assemblage of heat-demanding species reflecting the 
effective temperature increase (T, — To) and to the absence of temperature lag 
between FrT and CrT. The small circles represent virtual plant species; the three 
large green disks each depict a community of plants. 


plant communities between 1965-86 and 1987-2008 (Fig. 3), whereas 
the proportion of mountainous and alpine species in highland plant 
communities decreased significantly (— 4.6% on average), to the benefit 
of cosmopolitan species (+5.1% on average). In addition, we suggest 
that compensatory changes in demographic rates may buffer popu- 
lation dynamics against the negative effects of climate warming, 
causing a temporary delay in species turnover, especially in lowland 
plant communities (for example, a higher growth of individuals can 
compensate for the lower survival and recruitment rates, allowing 
persistence of threatened populations)’*. Second, highland forests offer 
shorter-distance escapes for species facing climate warming compared 
to lowland forests*”, especially for forest plants that have strongly 
limited dispersal abilities’. Thus, species distributions are expected 
to migrate +1.1km (median value; 5th to 95th percentile range 
(PRs,.95) = [0.4; 15]) upward in French highland forests, but 
+35.6km (median value; PRs.95 = [2.1; 137.6]) northward in French 
lowland forests to track their climatic niches according to the con- 
temporary climate warming event (1987-2008; Supplementary 
Fig. 9). Third, the migration rate of plant species may be delayed by 
the level of habitat fragmentation*”*. Forest patches exceeding 5 km? 
cover a larger proportion of highland areas (67.3%) than lowland areas 
(29.1%; Supplementary Fig. 10a). Moreover, forest patches are closer in 
highland areas (median proximity index (PI) = 3,813.7; PRs.95 = [15.3; 
122,034.3]; see Supplementary Methods for details) than in lowland 
areas (median PI= 31.6; PRs.95=[1.3; 14,644.2]; Supplementary 
Fig. 10b). All of these factors are not mutually exclusive and may, 


Table 1 | Comparison of floristically and climatically reconstructed temperatures. 


a Lowland b Highland 
Reconstruction Period Reconstruction Period 

1965-1986 (P;) 1987-2008 (P2) P2— Py 1965-1986 (P;) 1987-2008 (P2) Po — Py 
CrT 10.54 (1.2) 11.66 (1.23) 1.11 (0.02)** CrT 7.98 (1.8) 9.05 (1.8) 1.07 (0.03)** 
Frit 10.35 (1.23) 10.37 (1.22) 0.02 (0.02) Frt 8.09 (1.77) 8.63 (1.61) 0.54 (0.03)** 
Fret — Crt —0.19 (0.87) 1.29 (0:99)** Fert —CrT 0.11 (1.12) 0.42 (1.23)* 


Shown are mean temperatures with standard deviations (in brackets) computed from the 1,000 floristically (FrT) and climatically (CrT) reconstructed temperature trends. P , Value for 1965-86; Po, value for 
1987-2008. a, Comparison for French lowland forests (<500 m a.s.l.). b, Comparison for French highland forests (500-2,600 m a.s.l.). Significance of temperature differences between periods (Student’s t test) 
and between modelling approaches (Student's paired t test) are indicated: *P< 0.01, ** P<0.001 for more than 95% of the 1,000 reconstructed temperatures. 
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Figure 2 | Comparison of floristically (green) and climatically (red) 
reconstructed temperature trends between 1965 and 2008. a, Trends in 
lowland forest plant communities (<500 m a.s.l.). b, Trends in highland forest 
plant communities (500-2,600 m a.s.l.). The thickness of lines shows the range 


independently or combined, explain our results showing that re- 
shuffling of plant communities in lowland forests strongly lag behind 
climate warming. 

In this study, we linked reshuffling observed in plant assemblages in 
French forests to temperature changes between 1965 and 2008. 
However, water stress may also drive species range shifts''. In 
California, the core of the altitudinal range of 46 out of 64 forest plant 
species shifted downward in response to regional changes in climatic 
water balance between 1935 and 2005"’. In contrast, no significant 
changes in the level of annual precipitation was observed throughout 
the French territory between 1965-86 and 1987-2008 (mean value of 
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Figure 3 | Compositional changes in the plant communities of lowland and 
highland forests according to four different biogeographic groups. Mean 
shifts in the proportions of plant communities are shown (data points) with 
standard deviations (error bars) estimated from 1,000 floristic samples used to 
reconstruct temperatures. The significance of changes from the null hypothesis 
of zero shift is displayed (*P < 0.05 for more than 95% of the floristic samples; 
Wilcoxon paired signed-rank test). The number of species analysed in lowland 
(ny) and highland (4) plant communities are displayed below the figure. Mo, 
mountainous to alpine species; SMo, sub-mountainous to lowland species; Cos, 
cosmopolitan species; ThM, thermophilous to Mediterranean species. See 
Supplementary Methods and Supplementary Table 1 for more details about the 
different biogeographic groups. 


of reconstructed temperature trends (n = 1,000 trends). Dashed lines indicate 
the start of the contemporary climate warming period (1987-2008). Breaks in 
trends are due to no sample convergence for the years 1965 (in highland areas), 
1972 and 1974 (in both lowland and highland areas). 


precipitation changes [s.d.] = +1.04mm [48.56] in lowland areas, 
P= 0.35, Student’s t test for paired samples; — 0.93 mm [60.09] in high- 
land areas, P = 0.44, Student’s t test for paired samples; Supplemen- 
tary Fig. 2). Thus, the absence of changes in precipitation patterns over 
the 44-year study period is unlikely to explain the differences of 
reshuffling between lowland and highland forest plant communities. 
Similarly, acclimation or adaptation processes may also explain the 
differences we observed between floristically and climatically recon- 
structed temperatures. The large difference in temperature recovery 
between highland and lowland forest plant communities may indicate 
distinct interchanges between migration and adaptation, with migra- 
tion being more prevalent in highland forests and adaptation more 
prevalent in lowland forests. Nevertheless, such processes are probably 
insufficient to mitigate completely the effects of the high temperature 
increase in just 22 years, especially at the scale of a large pool of 
perennial species in a fragmented landscape*”’. 

Although a potential lag between the magnitude of climate warming 
and the extent of changes within biotic communities has already been 
suggested*'*’”-”, we provide the first (to our knowledge) assessment of 
such a lag and show that it is more important in lowland areas. This 
finding has important implications in terms of conservation issues. To 
date, a strong focus has been placed on mountaintop extinctions for 
species facing climate warming’. However, mountaintop extinctions 
are just one example, although important, of the likely consequences 
of contemporary species range shifts in highland areas. Highland 
areas offer short-distance escapes for species facing climate change*” 
and provide ideal refuges for plant species to track their climatic 
requirements’, which could lead to the formation of novel species 
assemblages. In lowland areas, the current inertia of forest plant 
communities suggests delayed extinction and immigration in the face 
of climate warming” due to species tolerance and low migration rate. 
Considering the velocity of predicted future climate change®, the 
low dispersal abilities of forest plants’? and the low opportunity for 
short-distance escape to track climate changes in lowland areas*’, the 
current inertia of forest plant communities will not be indefinite. 
Consequently, abrupt reshuffling of these plant communities may 
occur in the future, possibly leading to lowland biotic attrition’? with 
important changes expected in ecosystem functioning”’. Therefore, we 
recommend that research efforts be focused on understanding the 
implications of climate change in lowland areas. 


METHODS SUMMARY 


To achieve our aim, we compiled a complete species list including the year and 
location of 79,621 floristic surveys (44,509 and 35,112 in lowland and highland 
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areas, respectively) that were recorded across the French forest territory between 
1965 and 2008. We computed a 1-km” grid of the mean annual temperature across 
the French territory for each year between 1965 and 2008 using a modelling 
approach based on 237 non-interrupted meteorological stations (R* = 0.93 for 
13,620 independent temperature observations; Supplementary Figs 5 and 6)**. 
These climatically reconstructed temperatures were extracted at the location and 
year of each of the 79,621 floristic surveys. We then subsampled a training data set 
of 2,987 floristic surveys before the recent climate warming event (1975-85) to 
calibrate a transfer function using a combination of weighted averaging partial 
least squares” and Breiman’s random forest” to infer temperatures from the plant 
assemblages (R* = 0.83 in a validation data set; Supplementary Fig. 7). These 
floristically reconstructed temperatures were then predicted across the French 
territory between 1965 and 2008 using the 76,634 floristic surveys. This predictive 
data set was bootstrapped separately in lowland and highland areas for each year to 
control for artificial temperature variations associated with inter-annual variations 
in floristic survey locations (Supplementary Fig. 8). We reconstructed 1,000 pairs 
of floristically and climatically reconstructed mean annual temperature trends 
separately for lowland and highland areas. We tested temperature differences in 
each pair of trends between 1965-86 and 1987-2008, as well as annually. To 
discuss our results, we assessed changes in plant community composition in four 
biogeographic groups of species. We then computed the mean distance separating 
equal isotherms between periods, in addition to performing independent spatial 
analysis of the degree of habitat fragmentation in lowland and highland forest areas 
(see Supplementary Methods for more details). 
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The earliest evidence for anatomically modern 
humans in northwestern Europe 
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Chris Collins”, Simon Hillson®, Paul O’Higgins’, Charles FitzGerald’® & Michael Fagan’ 


The earliest anatomically modern humans in Europe are thought 
to have appeared around 43,000-42,000 calendar years before 
present (43-42 kyr cal Bp), by association with Aurignacian sites 
and lithic assemblages assumed to have been made by modern 
humans rather than by Neanderthals. However, the actual physical 
evidence for modern humans is extremely rare, and direct dates 
reach no farther back than about 41-39 kyr cal Bp, leaving a gap. 
Here we show, using stratigraphic, chronological and archaeolo- 
gical data, that a fragment of human maxilla from the Kent’s 
Cavern site, UK, dates to the earlier period. The maxilla (KC4), 
which was excavated in 1927, was initially diagnosed as Upper 
Palaeolithic modern human’. In 1989, it was directly radiocarbon 
dated by accelerator mass spectrometry to 36.4-34.7 kyr cal BP”. 
Using a Bayesian analysis of new ultrafiltered bone collagen dates 
in an ordered stratigraphic sequence at the site, we show that this 
date is a considerable underestimate. Instead, KC4 dates to 44.2- 
41.5 kyr cal sp. This makes it older than any other equivalently 
dated modern human specimen and directly contemporary with 
the latest European Neanderthals, thus making its taxonomic attri- 
bution crucial. We also show that in 13 dental traits KC4 possesses 
modern human rather than Neanderthal characteristics; three 
other traits show Neanderthal affinities and a further seven are 
ambiguous. KC4 therefore represents the oldest known anatom- 
ically modern human fossil in northwestern Europe, fills a key gap 
between the earliest dated Aurignacian remains and the earliest 
human skeletal remains, and demonstrates the wide and rapid 
dispersal of early modern humans across Europe more than 
40 kyr ago. 

The dispersal of the first anatomically modern humans (AMH) into 
Europe has long been associated with the transition from the Middle to 
the Upper Palaeolithic and linked with the subsequent disappearance 
of Neanderthals. Numerous sites attest to the change from late 
Neanderthal Mousterian or transitional industries to Early or proto- 
Aurignacian technocomplexes, evidenced by the presence of blade- 
based lithic assemblages and a wide range of bone implements and 
ornaments. However, the skeletal evidence linking AMH with this 
earliest phase is extremely fragmentary in comparison with remains 
from the later Evolved Aurignacian period. The earliest direct date on 
an AMH bone (42-37.8kyr cal Bp) comes from Pestera cu Oase, 
Romania, but the date ranges are wide and the human fossils are not 
associated with any tool industry’. 

The site of Kent’s Cavern, Torquay, UK, is of great importance 
because it contains an early, directly dated human maxilla (KC4; 
Fig. 1A) from a site at the maximal north-westerly range of the 
European Aurignacian. Stratified sediments ranging from Middle 
Pleistocene to Holocene in age were excavated in the site, within a 


cave earth sealed periodically by stalagmite deposits’. The maxilla was 
found in 1927 at a depth of 10 ft 6 inch (3.23 m) beneath a key ‘granular 
stalagmite’ used as a datum during excavations undertaken between 
1926 and 1941 by the Torquay Natural History Society*. Below it 
were found two blades similar to those discovered in Aurignacian 
industries, and deeper still were found two blades that resemble those 
from Initial Upper Palaeolithic industries of the Lincombian- 
Ranisian—Jerzmanowician complex, which are tentatively associated 
with Neanderthals®’. Keith, who analysed the maxilla, considered it to 
be of anatomically modern type’, and interest in the fossil further 
increased in 1989 when direct dating by accelerator mass spectrometry 
(AMS) confirmed its early Upper Palaeolithic age (30,900 + 900 radio- 
carbon years (yr '*C) Bp; ref. 2). The age fitted then-current views 
on the dating and modern human associations of the Aurignacian 
industry in north-western Europe. 

However, recent research into the chronology of the Middle to 
Upper Palaeolithic has suggested that there are severe problems with 
the accuracy of many '*C dates from this period, especially those 


A 


Figure 1 | Morphology of the KC4 maxilla. A, Original dentition within the 
KC4 maxilla as Keith! would have seen it. B, Third premolar (P*) pulp chamber 
shape of Neanderthal (a), KC4 (b) and modern human (c). C, CT-based three- 
dimensional model of the KC4 maxilla showing the new reconstruction of the 
specimen (scale bar, lcm). D, Upper canine pulp chamber shapes of 
Neanderthal (a), KC4 (b) and modern human (c). Neanderthal specimens are 
from the site at Krapina, Croatia; modern humans are from Gough’s Cave, UK. 
See Supplementary Methods for further details. 
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produced early in the developmental stages of the technique*’. 
Contamination problems with many of the existing AMS determina- 
tions on bone dating from the Middle and Upper Palaeolithic before 
30 kyr ‘“C pp can be reduced considerably by the use of ultrafiltration 
during collagen extraction”'’. We used this technique to reinvestigate 
the age of KC4, first by dating faunal material above and below the 
maxilla find spot, and then by attempting a direct re-dating of a tooth 
from the maxilla itself. 

Faunal remains from the Torquay Natural History Society excava- 
tions that could be matched with the descriptions and contexts given in 
the Kent’s Cavern Journal (1926-1932) were selected for radiocarbon 
dating. AMS dates for fauna from two of the excavation trenches 
(trenches B and C, eventually linked together by the excavators) are 
shown in stratigraphic order in increasing depth below the granular 
stalagmite in Fig. 2 (see also Supplementary Table 1). The results show 
that the initial AMS determination for the maxilla is too young, probably 
because of the presence of trace animal glues not effectively removed 
during chemical pretreatment® (Supplementary Methods). To constrain 
more precisely the age of the maxilla, we used the new dates and inde- 
pendent stratigraphic depth data to construct a Bayesian model using 
OxCal 4.1 software"! and the INTCAL09 '“C calibration curve'*. This 
approach allows the relative stratigraphic information from the site to 
be modelled mathematically along with the calibrated radiocarbon 
likelihoods (Fig. 2). We are confident that dates corresponding to 


depths between 12-13 ft and 15 ft stratigraphically precede the age of 
the maxilla and therefore provide a terminus post quem for it. Similarly, 
our modelling of determinations above the maxilla find spot indicate 
that they stratigraphically follow it in the sequence. These determina- 
tions include a date from a cranial fragment of a woolly rhinoceros 
found just above KC4 (OxA-13965) and three identical dates from a 
pair of woolly rhinoceros metacarpals found in articulation (Sup- 
plementary Methods). These data constrain the probable age of the 
maxilla and provide a terminus ante quem for it. We used the ‘date’ 
function in OxCal'' to calculate a probability distribution function 
(PDF) for its likely age within this modelled sequence, assuming 
that it was excavated in its originally deposited location. This PDF 
corresponds to 43,110-41,890 yr cal BP (68.2% probability) and 
44,180-41,530 yr cal Bp (95.4% probability)—equivalent to Greenland 
interstadial 11 and stadial 11 on the NGRIP 8'°O Hulu-tuned 
timescale’*”* (Supplementary Fig. 2). When we tested the model by 
varying the priors used, the result for the PDF did not change signifi- 
cantly (Supplementary Methods). We attempted another AMS date 
from the third premolar (P*) of the KC4 specimen to confirm this age, 
but too little collagen could be extracted for a reliable AMS date to be 
determined (Supplementary Table 2). 

Comparison of the PDF for KC4 with other direct dates of AMH 
fossils shows it to be earlier than any other (Fig. 3). However, it over- 
laps with the remains believed to be earliest dated evidence for 
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Figure 2 | Bayesian age model for Kent’s Cavern. The model incorporates the 
radiocarbon likelihoods (calibrated probability distributions; brackets under 
the distributions represent the 68.2% and 95.4% ranges, respectively) within a 
relative age sequence based on the depths recorded during the excavation of 
phases and stalagmite deposits throughout the site. This allows a probability 
distribution function (PDF) for the estimated age of KC4 (Age of the maxilla 
PDF; see inset for magnified view) to be generated. Figures in brackets next to 
OxA numbers are conventional radiocarbon ages. Dates are calibrated using 
the INTCALO9 curve!” and compared against the NGRIP 8'°O 
palaeotemperature record’ tuned to the Hulu Cave timescale" (8'8O = (8'°0/ 
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Modelled date (kyr cal Bp) 


3'°O) sample! (5'8O/8'°O) standard — 1). Numbers on the 5'%O record represent 
Greenland interstadials. The three calibrated ages in red are outliers in the 
model. One of these is the original AMS date of KC4 (OxA-1621), which is 
shown alongside the new modelled age for the maxilla. It was not included in 
the Bayesian analysis. The stratigraphic section on the left was adapted from the 
AR4271 Section Drawing of Vestibule Trench in Ogilvie’s excavation archive 
(Torquay Museum, UK). Location of dated samples by depth is shown: red star, 
maxilla depth; GS, granular stalagmite, from which depth measurements were 
recorded; LS, lower stalagmite. Figure generated using OXCAL 4.1". See 
Supplementary Methods for details of the modelling and testing. 
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Figure 3 | Comparison of direct radiocarbon determinations of AMH bones 
from European Palaeolithic sites*”’”~° with the KC4 model age. Calibrated 
using the INTCAL09 curve'’. Brackets under the distributions represent the 
68.2 and 95.4% probability ranges, respectively. The PDF derived from the 
Bayesian modelling of KC4 (Model age of the maxilla, in red) is earlier than the 
original direct date from Kent’s Cavern (OxA-1621) and all others, and 
overlaps the start of the age range of the earliest European Aurignacian’*, which 
is widely accepted as being linked with the earliest AMH. Ultrafiltered collagen 
radiocarbon dates are indicated with red text; non-ultrafiltered dates are in 
black. Asterisks denote duplicate dates on the same human bone. The Oase date 
is a mean of two determinations, one ultrafiltered and one not. 


the Aurignacian of Europe’ and for the latest Neanderthal and 
Mousterian sites. Thus, it is crucial to determine whether Keith’s attri- 
bution’ of the maxilla as modern human is reliable. 

Keith’s original illustrations’ show KC4 essentially as it appears 
today (Fig. 1A), except for increased cracking due to the specimen 
drying out and the removal of some alveolar bone for the previous 
AMS determination. Keith reported that three teeth—the canine, 
second premolar (P*) and first molar (M')—were in place, whereas 
the sockets for P* and the second molar (M’) were empty. This implies 
that the specimen had already been reconstructed when Keith received 
it for study, and may explain why he never questioned the identity of 
the premolar. He provided basic data on the crown and root dimen- 
sions of the three teeth, and the total length of the tooth row as pre- 
served, finding the measurements entirely comparable to those of 
recent modern humans rather than to those of Neanderthals. 
However, our study of the specimen shows that P* is in fact a right 
P*. To test this re-identification, a virtual three-dimensional model 
based on a computed microtomography (UCT) scan of the specimen 
was generated, and alternative positions for the premolar were tested 
(Supplementary Methods). This revealed a displaced bone fragment in 
the P* socket, and when this was repositioned virtually, the imaged 
premolar could be rotated and positioned well into this socket 
(Fig. 1C). Following virtual testing, a new physical reconstruction 
was then created. 

The wear on the teeth of KC4 is such that all occlusal morphology 
has been removed. Other aspects of dental morphology and measure- 
ment were therefore used to determine whether the specimen is 
Neanderthal or modern human. To facilitate root and pulp chamber 
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comparisons, computed tomography (CT) was used on modern 
human fossils from Gough’s Cave, UK, and Neanderthal fossils from 
different sites (Supplementary Methods). The characteristics of each 
tooth taken individually suggest an identification of Upper Palaeolithic 
Homo sapiens. The premolar is characterized by a low angle of inclina- 
tion to the vertical of the occlusal part of the buccal surface, small 
dimensions and a characteristic shape of the pulp chamber and root 
canals (Fig. 1B), small cervical dimensions and the small size of these 
relative to the canine and molar, and a narrowness of the root. The 
canine has a small or absent tuberculum dentale, mild vertical curv- 
ature of the buccal side of the root, slight mesial and distal grooves on 
the root, an absence of buccal and lingual dentine spurs in the root 
canal, pronounced lingual narrowing of the canal towards the apex and 
pronounced cervical proportions relative to those of the crown 
(Fig. 1D). Finally, the molar has a rectangular shape when viewed 
horizontally, occlusally and at the cervix, and in addition has a less 
skewed shape in the pulp chamber polygon, an absence of taurodontism, 
and relative cervical-crown proportions indicative of a modern human 
(Supplementary Methods). 

However, some characteristics of the teeth are ambiguous or more 
Neanderthal-like. In the canine, there are irregularities in the root 
canal and the implied presence of tubercle extensions, although the 
latter are also found in Upper Palaeolithic teeth. Other traits seemingly 
indicative of non-recent humans are the straight, lingually pointed 
lingual roots of the first and second molars and the fact that this feature 
is more pronounced in the second molar than in the first. 

Nevertheless, in all but three of 16 dental characteristics KC4 shows 
AMH rather than Neanderthal affinities, whereas seven remain 
ambiguous (Table 1 and Supplementary Methods). This suggests 
strongly that this is an early modern human (H. sapiens) fossil. The 
three possible Neanderthal traits may reflect inadequate sampling of 
modern human variation, the presence of shared primitive features 
in KC4 and Neanderthals, or indications of gene flow between 
Neanderthals and early modern humans’*”, 


Table 1 | Dental features of the KC4 maxilla suggesting modern 
human or Neanderthal features 


Type No. Trait 

Traits suggesting 1 Canine tuberculum dentale small or absent 

modern human 2 ild vertical convexity of buccal side of canine root 

affinities 3. Vertical grooves on canine root shallow and narrow 
4 o buccal or lingual dentine spurs apical to cervix in 


canine or P? pulp chambers 

5 Pronounced lingual narrowing of canine root canal 
owards apex 

6 P® lowangle of inclination of occlusal part of buccal 
surface relative to vertical axis 

7 Small dimensions and characteristic shape of P? 
pulp chamber and root canals 

Rectangular shape of M? occlusally and at cervix 
Less skewed shape of M! pulp chamber polygon 

o taurodontism of M! 

Low robusticity of P? root 

Small actual and relative cervical dimensions of P® 
Relative cervical and crown dimensions of canine and 


WNHrROWO 


Possible tubercle extensions on canine 


Traits suggesting 4 
5 


Neanderthal rregularities in sides of root canals, especially in the 
affinities canine 
6 Greater lingual inclination of M? lingual root than is 
found in M? 


Ambiguous traits 7 Crown dimensions and root lengths lie in both 

Neanderthal and modern human ranges 

8 Canine angle of inclination of occlusal part of buccal 
surface relative to vertical axis 

9 Mesiobuccal bulge in occlusal outline of canine but 
not of P® 

20 = Canine root surface smooth 

21 Single-rooted P® 

22 Dimensions of canine pulp chamber 

23. Height of P? pulp chamber roof relative to cervix 


Details of the analysis of each trait can be found in Supplementary Methods. 
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To test further for possible Neanderthal affinities, we attempted the 
genetic analysis of DNA from the dentine of P*, using previously 
described techniques for isolating and amplifying DNA from pre- 
served remains’*. PCR amplicons from four positive amplifications 
were cloned into competent bacterial cells. Analysis of the 72 colonies 
sequenced from KC4 revealed at least 18 distinct mitochondrial DNA 
sequences, all of which fell within the range of genetic diversity of 
AMH. However, given the difficulty of distinguishing between endo- 
genous sequences of modern humans and contamination, we consider 
these results to be inconclusive regarding the specific identity of KC4. 
It is not possible to determine whether the specimen is genetically 
similar to modern humans, or whether the DNA in the sample is so 
degraded that no endogenous (Neanderthal or otherwise) DNA was 
recoverable using the methods applied (Supplementary Methods). 

The new estimated age for KC4 fills a hitherto unexplained gap 
between the evidence for the earliest Aurignacian remains and that 
for the earliest modern human skeletal remains, and adds further 
strength to the association between the two because of the degree of 
overlap between the age and dates for the earliest European 
Aurignacian in western Europe’’. Although the Upper Palaeolithic 
artefacts from the deeper parts of the excavations at Kent’s Cavern 
cannot confidently be assigned a precise cultural attribution, we con- 
sider an early Aurignacian association for KC4 to be the most likely. 
Even if this cannot be established, by confirmation of its attribution as 
an AMH fossil, KC4 demonstrates the very rapid dispersal of early 
modern humans across Europe, well before 40 kyr ago. 


METHODS SUMMARY 


Bone collagen for radiocarbon dating was extracted at the Oxford Radiocarbon 
Accelerator Unit, University of Oxford, UK, using sequential decalcification, base 
wash, gelatinization, filtration and ultrafiltration steps to remove low-molecular- 
mass contaminants. Radiocarbon determinations were obtained using an HVEE 
accelerator mass spectrometer and calculated conventionally as ages before AD 
1950. Calibration was against the INTCALO09 data set, using the OXCAL 4.1 
computer program. Bayesian modelling was applied using OXCAL and a relative 
depth sequence was obtained from the original excavation plans. Outlier detection 
analysis was used to give less weight to radiocarbon likelihoods in disagreement 
with the prior information applied. Model sensitivity was tested by varying the 
priors for the upper parts of the archaeological modelled sequence. New measure- 
ments of the morphology of the KC4 teeth were taken from CT scans. CT 
scanning of the teeth and maxilla was done using an X-Tek HMX 160 system 
(X-Tek Systems Ltd). A virtual three-dimensional model of the specimen was 
created by a combination of thresholding and manual segmentation, and was used 
for quantitative and qualitative analysis. Comparative dimensions and mor- 
phological data were obtained for European Neanderthals, European Upper 
Palaeolithic H. sapiens and recent Europeans from the literature, casts in the collec- 
tion of the Natural History Museum, London, UK, and computed tomography scans 
available on the NESPOS website (https://www.nespos.org/display/openspace/ 
home). The crown measurements of KC4 made by Keith’ (corrected) were used 
for comparison, because these were made on the specimen when it had the fewest 
cracks. Root robusticity, cervical measurements and internal measurements were the 
principal source for comparisons, owing to the effects of crown wear on the KC4 
teeth. All comparative data are listed in Supplementary Methods. 
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The appearance of anatomically modern humans in Europe and the 
nature of the transition from the Middle to Upper Palaeolithic are 
matters of intense debate. Most researchers accept that before the 
arrival of anatomically modern humans, Neanderthals had adopted 
several ‘transitional’ technocomplexes. Two of these, the Uluzzian 
of southern Europe and the Chatelperronian of western Europe, are 
key to current interpretations regarding the timing of arrival of 
anatomically modern humans in the region and their potential 
interaction with Neanderthal populations. They are also central to 
current debates regarding the cognitive abilities of Neanderthals 
and the reasons behind their extinction'°®. However, the actual 
fossil evidence associated with these assemblages is scant and frag- 
mentary’ *°, and recent work has questioned the attribution of the 
Chatelperronian to Neanderthals on the basis of taphonomic mix- 
ing and lithic analysis’’’*. Here we reanalyse the deciduous molars 
from the Grotta del Cavallo (southern Italy), associated with the 
Uluzzian and originally classified as Neanderthal’**. Using two 
independent morphometric methods based on microtomographic 
data, we show that the Cavallo specimens can be attributed to ana- 
tomically modern humans. The secure context of the teeth provides 
crucial evidence that the makers of the Uluzzian technocomplex 


3,13 


were therefore not Neanderthals. In addition, new chronometric 
data for the Uluzzian layers of Grotta del Cavallo obtained from 
associated shell beads and included within a Bayesian age model 
show that the teeth must date to ~45,000-43,000 calendar years 
before present. The Cavallo human remains are therefore the oldest 
known European anatomically modern humans, confirming a rapid 
dispersal of modern humans across the continent before the 
Aurignacian and the disappearance of Neanderthals. 

Two deciduous molars (Cavallo-B and Cavallo-C) were excavated 
in 1964 from the site of Grotta del Cavallo (Apulia, southern Italy; 
Supplementary Information). Cavallo is important as the type site of 
the Uluzzian technocomplex'’, one of the three main transitional 
industries alongside the Chatelperronian and Szeletian, in Franco- 
Cantabria and Central Europe, respectively. These are strongly sus- 
pected of being produced by Neanderthals, although the actual fossil 
evidence in association is scant’®. 

Cavallo-B is a deciduous left upper first molar (dM'), found in layer 
EMI (archaic Uluzzian). Cavallo-C is a deciduous left upper second 
molar (dM7’) found 15-20 cm above Cavallo-B, in layer EII-I (evolved 
Uluzzian)”* (Supplementary Fig. 1 and Supplementary Table 1). The 
specimens (Fig. 1) were described in 1967 by Palma di Cesnola and 


Figure 1 | Occlusal view of the deciduous molars from the Uluzzian layers of Grotta del Cavallo (Apulia, southern Italy). a, Cavallo-B (deciduous left upper 
first molar; dM’). b, Cavallo-C (deciduous left upper second molar; dM’). B, buccal; D, distal; L, lingual; M, mesial. Scale bar, 1 cm. 
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Messeri’* who classified Cavallo-B as modern human and Cavallo-C as 
Neanderthal. On this basis, the authors suggested a persistence of 
Neanderthal populations in southern Italy after the appearance of 
modern humans”. 

Although information about these specimens is scarce and contra- 
dictory, most scholars accept that the deciduous molars from Grotta 
del Cavallo are attributable to Neanderthals, and therefore that 
Neanderthals produced the Uluzzian. This attribution was proposed 
by ref. 14 for Cavallo-B on the basis of the specimen’s crown diameters 
(the dimensions of Cavallo-C were found to be compatible with both 
Neanderthals and anatomically modern humans). However, the 
Cavallo-B buccolingual and mesiodistal diameters used by ref. 14 
appear to have been accidentally substituted for each other when 
compared to the crown diameters reported by ref. 13. The correct 
crown diameter values do not support Neanderthal affinities for 
Cavallo-B, neither does the crown morphology of the two specimens. 
Cavallo-B shows three dental cusps, typical of dM! (ref. 10) from 
anatomically modern humans, with the lingual cusps mesially oriented 
and separated from the buccal cusps by a well-defined sagittal sulcus. 
Conversely, the dM’ of Neanderthals is more frequently four-cusped, 
with cusp tips compressed internally'®. Cavallo-C has a sub-square 
crown outline, similar to dM’ of anatomically modern humans and 
different from the typical rhomboid outline with distolingual hypo- 
cone expansion of Neanderthal dM’s (ref. 10). 

To establish firmly the taxonomic affinities of the Cavallo human 
remains, we re-analysed Cavallo-B and Cavallo-C with two independent 
morphometric methods, using a comparative sample of Neanderthal, 
Upper Palaeolithic modern human (UPMH) and recent modern human 
(RMH) dM! and dM? specimens (Supplementary Tables 2-4). 

Our first approach is a geometric morphometric analysis of outlines 
obtained from the dental crown’* (see Methods), for which the group 
shape variation was evaluated through a shape-space principal com- 
ponent analysis (PCA). 

For the dM’ crown outlines (Fig. 2a), the first two principal com- 
ponents (PCs) account for about 63% of the total variance. 
Neanderthals and modern humans separate along PC1 (42.7%), which 
characterizes size-independent shape variation (r = —0.33; P = 0.06). 
Neanderthal dM? specimens show an ovoid outline, whereas RMH 
and UPMH specimens are more irregularly shaped for the presence of 
well-expressed tuberculum molare (molar tubercle of Zuckerkand]) 
and metacone (buccodistal) cusp, and for a general distolingual con- 
striction due to the reduction of the hypocone. Cavallo-B plots well 
within the range of variability of the anatomically modern human 
sample. The cross-validation quadratic discriminant analysis (QDA) 
of the PC1 scores classified Cavallo-B as modern human with a posterior 
probability (P,ost) > 0.90 (Supplementary Table 4). 

In the analysis of the dM” cervical outlines (Fig. 2b), the first two 
PCs account for about 84% of the total variance. Neanderthals and 
anatomically modern humans are even more clearly separated along 
PC1 (71.4%), which expresses size-dependent shape variation (static 
allometry, r= 0.74; P<0.001). Neanderthal dM’ specimens are 
characterized by a rhomboid cervical outline due to their large hypo- 
cone, whereas UPMH and RMH specimens have sub-square outlines. 
Cavallo-C plots unambiguously within the modern human range. The 
cross-validation QDA of the first two PC scores attributes Cavallo-C to 
modern human with a P,ost > 0.90 (Supplementary Table 4). 

The second morphometric method considers the internal structure 
of the teeth and consists of the two-dimensional enamel thickness and 
dental tissue proportions analysis (Fig. 3) (see Methods and Sup- 
plementary Tables 3 and 4). The average and relative enamel thickness 
(AET and RET, respectively) have been described as effective taxonomic 
discriminators between Neanderthals and modern humans because 
Neanderthal molars are characterized by significantly thinner enamel 
relative to dentine volume”. 

The dM’ modern human samples (UPMH and RMH) shown in 
Table 1 have been divided into sub-groups on the basis of their degree 
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Figure 2 | Shape-space PCA plots of dM’ crown outlines and dM? cervical 
outlines. a, dM! crown outline. b, dM? cervical outline. The deformed mean 
crown outline in the direction of the PC is drawn at the extremity of each axis. 
N, Neanderthal; RMH, recent modern human; UPMH, Upper Palaeolithic 
modern human. 


of wear (unworn/wear stage 1 distinguished by wear stage 3; based on 
Smith’) to ease the comparison with the Neanderthal dM’ samples, 
which is entirely affected by wear stage 3. The Neanderthal dM’ RET 
indexes are significantly lower than those of RMH at similar wear 
stages (P< 0.001; permutation test, n = 1,000) on group mean and 
variance differences. The AET and RET indexes of Cavallo-B lie 
beyond the highest values computed so far for the unworn UPMH 
and RMH (Table 1). Considering that the RET index average differ- 
ence from unworn to wear stage 3 for both RMH and UPMH is about 
0.80, it is reasonable to assume that if Cavallo-B would have worn 
down to a wear stage 3, it would provide a RET index of approximately 
11. This value is still completely outside the Neanderthal range of 
variation and near the highest values computed for the unworn 
RMH. The result further supports strongly the affiliation of Cavallo-B 
as anatomically modern human rather than Neanderthal. 

With regard to the dM? specimens (Table 1), the Neanderthal RET 
indexes are significantly lower than those of RMH (P< 0.001). The 
UPMH specimens present the highest AET and RET indexes of the 
whole sample, RMH included. Cavallo-C is the most worn specimen 
within our dM? sample (wear stage 5), therefore the AET and RET 
indexes result in a rather lower value than could be expected for the 
unworn stage of the same tooth. Nonetheless, both indexes still rank 
among the highest values obtained (Table 1). The cross-validation 
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Figure 3 | Cross-sections of Cavallo-B and Cavallo-C for two-dimensional 
enamel thickness analysis. a, Buccolingual cross-section of Cavallo-B through 
the dentine horns of the protocone and paracone. b, Mesiodistal cross-section 
of Cavallo-C through the dentine horns of the paracone and metacone. B, 
buccal; D, distal; EDJ, enamel-dentin junction; L, lingual; M, mesial. 


QDA of the dM? RET index classifies Cavallo-C as modern human 
with a Ppost > 0.90 (Supplementary Table 4). 

New radiocarbon dating of the Uluzzian layers was undertaken 
to produce a more robust chronology. Previous dates from the site 
disclosed inconsistency due to incomplete decontamination and 
unsuitability of the dated samples (Supplementary Information). In 
the absence of collagen from bone at the site and the lack of charcoal 
samples collected at the time of the excavation, marine shell samples 
were the only alternative and were therefore selected for dating. In the 
Uluzzian layers of Cavallo, several shells were transformed into beads, 
by snapping or piercing to produce personal ornaments. These beads 
are generally held to be an indicator of symbolic and complex beha- 
viour. Eight shells of Dentalium sp., Nuculana sp. and Cyclope neritea 
were dated by accelerator mass spectrometry (AMS) radiocarbon dat- 
ing following a novel methodological approach (Supplementary 
Information and Supplementary Fig. 3). The new dates were incorpo- 
rated into a Bayesian model using the OxCal program (Supplementary 
Information) and calibrated against the INTCALO9 calibration curve”! 
(Supplementary Figs 4 and 5 and Supplementary Tables 5 and 6). Layer 
EI was calculated by the model to date between 45,010—43,380 
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(68.2% probability) and 47,530—43,000 (95.4% probability) calendar 
years before present (where present = 1950) (cal. yr BP). The distri- 
bution falls within Greenland Interstadial (GIS) 12, a long warm phase 
following Heinrich Event 5, and most likely towards its latter part. A 
decrease in temperature has been inferred based on the faunal assem- 
blage from EIII (ref. 22). A likely initial arrival of anatomically modern 
humans during this post-HE5 interstadial has been suggested prev- 
iously**. Layer EII-I, associated with a shell date of 40,000 =C yr BP, 
was modelled to date between 44,000—43,000 cal. yr BP (68.2% prob- 
ability), a similar age to layer EIJI. Comparable chronometric results 
were obtained from Grotta di Fumane, another Uluzzian site in the 
Italian pre-Alps and the only other with reliable chronometric informa- 
tion, where the technocomplex is dated at 44,800-43,900 cal. yr BP 
(95.4% probability) (or ~42,000-40,000 '*C yr BP)**. 

The new chronometric results show that the two deciduous molars 
from Grotta del Cavallo are the earliest European anatomically modern 
human fossils currently known. Because the Uluzzian technocomplex 
stratigraphically underlies the earliest Aurignacian in all instances where 
the two co-occur (for example, Grotta di Castelcivita, Grotta della Cala, 
Grotta La Fabbrica and Grotta di Fumane)’, the arrival of the earliest 
modern humans at these sites must pre-date the Aurignacian. 
Furthermore, considering that Neanderthals are likely to have survived 
in most of continental Europe until at least ~40,000 cal. yr BP (ref. 25), 
our results offer fossil evidence for a longer period of co-existence in 
Europe between Neanderthals and modern humans. 

The re-attribution of the teeth of Grotta del Cavallo to anatomically 
modern human has implications for the interpretation of the Uluzzian 
technocomplex’*"*. The presence of personal ornaments in the form of 
marine shell beads, worked bone and colorants—including ochre and 
limonites—in the Uluzzian layers of Grotta del Cavallo”® has been used 
as direct evidence for Neanderthals reaching behavioural modernity 
independent of, and before, anatomically modern humans reaching 
Europe’”*. These attributes are all more typical of Upper Palaeolithic 
industries. This multiple species model for the origin of fully modern 
behaviour has been considered by some to be an impossible coincid- 
ence” and a fervent debate has ensued among prehistorians on the 
behavioural and cognitive capabilities of the makers of the transitional 
industries found across Europe and the Levant. Our results show that 
the Uluzzian is not a Neanderthal industry. 

Stratigraphically, the Uluzzian is always separated from the final 
Mousterian by sterile layers, volcanic ash (as in Cavallo), erosional 
discontinuities or depositional hiatuses, which might suggest that a 
period of time has elapsed between the two phases. In southern Italy, 
economic and cultural behaviour of the Uluzzian suggests a greater 
affinity with the succeeding Aurignacian (with marginally backed 
tools) than with the final Mousterian**”. These findings provide addi- 
tional support for a modern human authorship of the Uluzzian. 
Although we cannot extrapolate our conclusions to other transitional 
industries, our findings indicate that caution should be applied when 
associating Neanderthals with them, particularly the Chatelperronian 
and Szeletian (see details of the ongoing debate on this topic? *”"""”). 


Table 1 | Two-dimensional enamel thickness of Cavallo-B and Cavallo-C compared with the indicated dM? and dM? samples. 


Tooth Taxon Wear stage* n AET (mm) RET (scale free) 

Mean Range Mean Range 

dmt Neanderthal 3 6 0.40 (0.03) 0.37-0.45 7.17 (0.54) 6.61-7.93 
dm+ UPMH 3 2 0.51 (0.01) 0.50-0.52 9.56 (0.13) 9.47-9.66 
dM? RMH 3 14 0.47 (0.03) 0.43-0.52 9.12 (0.67) 8.50-10.52 
dmt UPMH Unworn ‘ 0.56 - 10.36 - 
dm+ RMH Unworn-stage 1 8 0.51 (0.06) 0.41-0.58 9.96 (0.96) 8.66-11.36 
dm! Cavallo-B Unworn 1 0.69 = 11.80 - 
dm? Neanderthal Unworn-stage 1 9 0.63 (0.04) 0.58-0.69 10.89 (0.84) 9.60-12.39 
dm? UPMH Stage 1-stage 2 2 0.97 (0.15) 0.86-1.07 17.93 (1.40) 16.94-18.92 
dm? RMH Unworn-stage 3 23 0.73 (0.08) 0.56-0.93 13.84 (1.53) 11.43-18.00 
dM? Cavallo-C Stage 5 1 0.84 - 14.28 - 


Standard deviation is indicated in brackets. AET, average enamel thickness index; RET, relative enamel thickness index; RMH, recent modern human; UPMH, Upper Palaeolithic modern human. 


* Based on ref. 20. 
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The association of the Uluzzian with anatomically modern humans 
implies much greater complexity and age depth to the movement of 
modern humans into Europe and may lend support to a southern 
Mediterranean route in their dispersal, similar to that identified previ- 
ously” for the spread of the Aurignacian. Although it is during the 
Aurignacian that certain technological and behavioural innovations 
effloresce, such as blade and bladelet-dominated lithic assemblages, 
bone and ivory tools, art and personal ornaments, the initial appear- 
ance of these traits in southern Europe clearly pre-dates this. This 
discovery has significant implications for our understanding of the 
earliest presence of anatomically modern humans in Europe, expands 
the period of overlap between modern humans and Neanderthals and 
makes it much less likely that Neanderthals developed their own 
Upper Palaeolithic suite of behaviours before the arrival of anatom- 
ically modern humans. 


METHODS SUMMARY 


The comparative dental sample for both the morphometric outline analyses and 
the two-dimensional enamel thickness and dental tissue proportions analysis is 
provided in Supplementary Table 2. 

Scans of all the specimens were undertaken by means of industrial and 
synchrotron-based microtomographic scanners at isotropic voxel length between 
15 and 55m. The microtomographic image stacks of each tooth were aligned 
with the cervical plane parallel to the x-y plane of the Cartesian coordinate system. 
The three-dimensional digital surface models were created semi-automatically by 
threshold-based segmentation, contour extraction and surface reconstruction. 

For the outline analyses we considered the dM’ crown outlines because Cavallo-B 
is unworn; conversely, we used the cervical outlines of the dM? samples, as Cavallo-C 
shows both occlusal and interproximal wear. To identify the crown outline and the 
cervical outline we followed the procedures described previously", with some adjust- 
ment for our specific case. 

For the analyses of the two-dimensional enamel thickness and dental tissue 
proportions, the following measurements were recorded: the area of the enamel 
cap (mm/), the area of the coronal dentine (which includes the coronal pulp; 
mm), the length of the enamel-dentine junction (EDJ; mm), the average enamel 
thickness (AET) index (the area of the enamel cap divided by the length of the EDJ; 
index in mm) and the RET index (the average enamel thickness divided by the 
square root of the coronal dentine area; scale free index)'’”*. The data were ana- 
lysed via software routines written in R’? (Supplementary Information). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Scanning, segmentation and three-dimensional reconstruction of the specimens. 
Microtomographic scans of all the specimens (Supplementary Table 2) were 
undertaken by means of industrial and synchrotron-based microtomographic scan- 
ners at isotropic voxel length between 15 and 55 um. The microtomographic image 
stacks of each tooth were aligned to the best-fit plane computed at the cervical line 
(cervical plane) through Amira 5.3 (Mercury Computer Systems), and then rotated 
up so that the cervical plane was parallel to the x-y plane of the Cartesian coordinate 
system. For the segmentation process, the half-maximum height (HMH) protocol 
was used to reconstruct three-dimensional digital surface models of each micro- 
tomography-scanned tooth using Amira 5.3 (Supplementary Information). 
Outline data. A further orientation of the dM’ and dM” digital models in the 
Cartesian coordinate system was required before the outline analysis. The dM’ 
oriented digital models were rotated around the z axis to align the projection on the 
x-y plane of the intercept between the paracone and protocone cusp tips parallel to the 
yaxis of the Cartesian coordinate system. The crown outlines were then projected onto 
thex-yplane. The dM” digital models were oriented with the lingual side parallel to the 
x axis. The best-fit plane of the cervical line identified the cervical outline. In one case 
(the Neanderthal specimen Engis 2), computer-aided design (CAD) techniques were 
used to restore the dM' crown outline (Supplementary Fig. 2). 

All the outlines were represented by 24 landmarks obtained by equiangularly 

spaced radial vectors out of the centroid of their area'*. These landmarks were 
superimposed through a generalized Procrustes analysis (GPA)*°. Since the outlines 
were oriented and centred on the centroid of their area’*, GPA only entailed a 
uniform scaling of the landmark configurations to unit centroid size. This step 
removed size differences, except for static allometry. 
Two-dimensional enamel thickness data. For the two-dimensional enamel 
thickness assessment we followed techniques developed previously”*, adapted to 
our specific case. A plane perpendicular to the cervical plane of the tooth and 
passing through two dentine horn tips was used for sectioning the dental crowns. 
The section passed through the dM's’ paracone and protocone dentine horn tips, 
and through the dM’s’ paracone and metacone dentine horn tips (Fig. 3). The 
dentine horn tips were identified as the highest points of the dentine in the central 
mammelon by scrolling apically through the oriented slices. For Cavallo-C (wear 
stage 5; based on Smith’) and the comparative sample with wear stage 3, this 
approach was further verified by segmenting the whole crown dentine to check the 
continuity of the marginal ridges beside the dentine horns. For worn teeth, the EDJ 
length was truncated at the exposed edge of the occlusal dentine basins. 

Cavallo-B shows a crack crossing the paracone mesiodistally (Fig. 3a). The area 
of the crack pertaining to the dentine was included in the dentine area, and the trait 
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of the EDJ intersected by the crack was calculated in the EDJ length. On the 
contrary, the missing area of the enamel cap was not reconstructed. Therefore, 
the computed RET index for Cavallo-B is slightly underestimated. 

The segmentation process and the parameter measurements were carried out by 
S.B. and C.F. The interobserver error was evaluated for the enamel and dentine 
area of three of the fossil specimens from our sample, and did not exceed 3% in 
each case. 

The following measurements were recorded: the area of the enamel cap (mm’), 

the area of the coronal dentine (which includes the coronal pulp; mm”), the length 
of the enamel-dentine junction (EDJ; mm), the average enamel thickness (AET) 
index (the area of the enamel cap divided by the length of the EDJ; index in mm) 
and the RET index (the average enamel thickness divided by the square root of the 
coronal dentine area; scale free index)!*”5. 
Statistical analysis. A Principal component analysis (PCA) of the matrix of 
Procrustes coordinates was carried out for the dM! crown outlines and dM? 
cervical outlines, separately. Because we aimed at assessing the dental outline 
shapes of the teeth from Grotta del Cavallo with respect to both the anatomically 
modern human and the Neanderthal outline shape variation, Cavallo-B and 
Cavallo-C spatial configurations were projected into the space built from the 
comparative sample only. In the Supplementary Information we show that the 
first PC of dM' crown outlines PCA and the first two PCs of dM? cervical outlines 
PCA are the only informative ones. 

We did not regress the part of radial size correlated with the diameters, diagonals 
and area out of the crown and cervical outline data (as previously suggested’* for 
the first permanent molars) because size information related to static allometry is 
an important factor for the separation of Neanderthal and anatomically modern 
human dM’s. 

The differences between the AET and RET indexes of Neanderthal and RMH 
were tested via a permutation test (n = 1,000) on group mean and variance. 

Finally, we used leave-one-out cross-validation quadratic discriminant analysis 
(QDA) for the taxonomic classification of Cavallo-B and Cavallo-C. We built up 
QDA models leaving out the data from the Cavallo specimens. The computation of 
the posterior probabilities (P,os.) was made with an equal prior probability (Pyrior) of 
0.5 for Neanderthal and anatomically modern human groups (UPMH plus RMH). 
The threshold for taxonomic determination was a Po = 0.90. The taxonomic 
analyses are summarized in the Supplementary Information. The data were pro- 
cessed and analysed through software routines written in R”. 


30. Rohlf, F. J. & Slice, D. E. Extensions of the Procrustes method for the optimal 
superimposition of landmarks. Syst. Zool. 39, 40-59 (1990). 
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Ascaris suum draft genome 
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Parasitic diseases have a devastating, long-term impact on human 
health, welfare and food production worldwide. More than two 
billion people are infected with geohelminths, including the round- 
worms Ascaris (common roundworm), Necator and Ancylostoma 
(hookworms), and Trichuris (whipworm), mainly in developing or 
impoverished nations of Asia, Africa and Latin America’. In 
humans, the diseases caused by these parasites result in about 
135,000 deaths annually, with a global burden comparable with that 
of malaria or tuberculosis in disability-adjusted life years’. Ascaris 
alone infects around 1.2 billion people and, in children, causes 
nutritional deficiency, impaired physical and cognitive develop- 
ment and, in severe cases, death’. Ascaris also causes major produc- 
tion losses in pigs owing to reduced growth, failure to thrive and 
mortality’. The Ascaris-swine model makes it possible to study the 
parasite, its relationship with the host, and ascariasis at the molecu- 
lar level. To enable such molecular studies, we report the 273 mega- 
base draft genome of Ascaris suum and compare it with other 
nematode genomes. This genome has low repeat content (4.4%) 
and encodes about 18,500 protein-coding genes. Notably, the 
A. suum secretome (about 750 molecules) is rich in peptidases 
linked to the penetration and degradation of host tissues, and an 
assemblage of molecules likely to modulate or evade host immune 
responses. This genome provides a comprehensive resource to the 
scientific community and underpins the development of new and 
urgently needed interventions (drugs, vaccines and diagnostic tests) 
against ascariasis and other nematodiases. 

We sequenced the A. suum genome at ~80-fold coverage (Sup- 
plementary Fig. 1), producing a final draft assembly of 272,782,664 
base pairs (bp) (N50 = 407 kilobases, kb; N90 = 80 kb; 1,618 contigs of 


Table 1 | Features of the Ascaris suum draft genome 


Estimated genome size in megabases 309 
Total number of base pairs within assembled scaffolds 272,782,664 
N50 length in bp; total number >2 kb in length 407,899; 1,618 
N90 length in bp; total number >N90 length 80,017; 748 
GC content of whole genome (%) 379 
Repetitive sequences (%) 44 
Proportion of genome that is coding (exonic; including 5.9; 44.2 
introns) (%) 

Number of putative coding genes 18,542 
Gene size (mean bp) 6,536 
Average coding domain length (mean bp) 983 


Average exon number per gene (mean) 6 
Gene exon length (mean bp) 

Gene intron length (mean bp) 
GC content in coding regions (%) 45 
Number of transfer RNAs 


N50 means 50% of all nucleotides in the assembly are within contigs of =408 kb. N90 means 90% of all 
nucleotides in the assembly are within contigs of =80 kb. Genome size estimated on the basis of k-mer 
(see online-only Methods) frequency. 


>2kb) (Table 1) with a mean GC-content of 37.9%. This genome has 
few repetitive sequences (about 4.4% of the total assembly) relative to that 
reported for other metazoan genomes sequenced to date® °, probably as 
a result of chromatin diminution’. We identified 424 distinct retro- 
transposon sequences (see Supplementary Tables 1-3) representing at 
least 22 families (8 long terminal repeats (LTRs), 12 long interspersed 
elements (LINEs) and 2 short interspersed elements (SINEs)), with 
Gypsy, Pao and Copia classes predominating for LTRs (n = 97, 85 
and 60, respectively) and CRI, L1, and reverse transcriptase encoding 
RTE-RTE classes predominating for non-LTRs (n = 29, 28 and 21, 
respectively). We also identified eight families of DNA transposons 
(91 distinct sequences in total), of which MuDr, En-Spm and 
Merlin (n = 12, 9 and 8, respectively) predominated. We predicted 
18,542 genes (14,783 supported by transcriptomic data), with a mean 
total length of 6.5 kb, exon length of 153 bp and a mean of 6.4 exons per 
gene (see Supplementary Fig. 2). Compared with the nematodes 
(roundworms) Caenorhabditis elegans*, Pristionchus pacificus’, 
Brugia malayi? or Meloidogyne hapla"®, overall, the A. suum genes are 
significantly longer (see Supplementary Table 2), relating primarily to 
expansions of intronic regions (mean 1.1 kb). 

Most (78.2%) of the predicted A. suum genes (Fig. 1) have a homo- 
logue (BLASTp cut-off <10°) either in C. elegans (n= 12,779; 
68.9%), B.malayi (12,853; 69.3%), M.hapla (10,482; 56.5%) or 
P. pacificus (11,865; 64.0%), with 8,967 being homologous among all 
species examined, and 4,042 (21.8%) being ‘unique’ to A. suum (see 
Fig. 1). Of the genes with homology to C. elegans or B. malayi, ~50% 


Ascaris suum 
animal parasite 


Brugia malayi 
animal parasite 


Caenorhabditis elegans 
free-living 


Pristionchus pacificus  . 
free-living 


Meloidogyne hapla 
plant parasite 


Figure 1 | Venn diagram summarizing the overlapping homology between 
the Ascaris suum gene set and those of other nematodes. Grey box (right) 
represents genes unique to A. suum, relative to Brugia malayi (red circle), 
Caenorhabditis elegans (blue circle), Meloidogyne hapla (green arc) and/or 
Pristionchus pacificus (yellow circle). The phylogram (left) displays the 
evolutionary relationships currently proposed among the nematodes. 
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and 44%, respectively, were determined to represent one-to-one ortho- 
logues'' (see Supplementary Data 1). For these orthologues (on scaf- 
folds exceeding one megabase, 1 Mb, in size), we explored synteny for 
A. suum and B. malayi by pairwise comparison with C. elegans (see 
Supplementary Data 1). The findings show that interchromosomal 
gene rearrangments in A.suum are relatively rare and occurred 
less frequently in A. suum than in B. malay? relative to C. elegans 
since their evolutionary divergence’. In contrast, intrachromosomal 
rearrangements were relatively common and comparable in frequency 
to those inferred for B. malayi?. Overall synteny was significantly 
higher between A. suum and B. malayi (~15%) than between either 
species and C. elegans (~3%), which is consistent with current 
knowledge of the evolutionary relationships among these three 
species’’. Interestingly, of these C. elegans orthologous genes, 532 and 
483 were exclusive to the current assemblies of the A. suum and 
B.malayi genomes, respectively (Supplementary Data 2). Although 
there were no homology matches between these two exclusive subsets 
of orthologues, they shared striking similarity in functional ontology 
(biological process), being linked predominantly to growth, reproduc- 
tion, development and/or morphogenesis. There is clear evidence of 
plasticity in the germline of metazoans”, with cases of products from 
non-homologous genes in different species having analogous func- 
tion(s). Therefore, we hypothesize that these two unique gene subsets 
relate to differences in reproductive biology (oviparity versus viviparity) 
and life history (direct versus indirect) between A. suum and B. malayi. 
Clearly, this proposal warrants testing and functional validation in 
C. elegans and/or in Ascaris. 

Of the entire A. suum gene set, 2,370 genes had an orthologue 
(BLASTp cut-off <10° °) belonging to one of 279 known biological 
(KEGG; see online-only Methods) pathways (Supplementary Data 3). 
Mapping to pathways in C. elegans indicated a full complement of 
molecules; by inference, the vast majority (95%) of the A. suum 
euchromatin is represented in the present genomic assembly, an infer- 
ence that is supported by our transcriptomic data (Supplementary 
Tables 4 and 5). We were able to assign possible functions (such as 
for enzymes, receptors, channels and transporters; Supplementary Fig. 
3, Supplementary Table 6 and Supplementary Data 4) to 13,503 
(72.8%) of the genes predicted for A. suum (Fig. 2). For these genes, 
we predicted 456 peptidases belonging to five major classes (aspartic, 
cysteine, metallo-, serine and threonine), with the metallo- (n = 184: 


20,000 
GTPases 
18,000 Phosphatases 
= Peptidases 
46,000 = Kinases 
= Other enzymes 
14,000 = Cytokines and ligands 
= Glycans and proteoglycans 
a Other membrane proteins 
ee Other receptors 
8 anes = GPCRs 
=) = Other transporters 
8,000 = Channels/pores 
Ribosome-associated proteins 
6,000 Transcription factors 
= DNA replication and repair 
4,000 = Folding and chaperone 
= Chromosome-associated proteins 
2,000 = Structural proteins 
= Hypothetical 
0 a Other 


Figure 2 | The major protein classes representing the Ascaris suum gene set. 
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41.0%) and serine proteases (n = 132: 30.0%) predominating (Sup- 
plementary Data 4). Notably, the secreted peptidases (such as the 
M12 ‘astacins’, the S9 and S33 serine proteases, and the Cl and C2 
cysteine proteases) are abundantly represented, and have key roles in 
tissue invasion and degradation (for example, during migration and/or 
feeding) and/or immune evasion/modulation in many parasites'*””. 

In addition, we identified 609 kinases and 257 phosphatases, 
respectively (Supplementary Data 4). All major classes of kinases are 
represented, with the tyrosine (TK: n = 94), casein (CK1: n= 83), 
CMGC (n=67) and CAMK (n=54) being most abundant in 
A. suum. The phosphatome includes 17 receptor and 68 conventional 
tyrosine, 64 serine/threonine and 39 dual-specificity phosphatases. On 
the basis of homology with molecules in C. elegans, 169 GTPases are 
encoded in the A. suum genome, including 135 small GTPases (Ras 
superfamily) representing the Rab (n = 36), Ras (n = 35; plus 8 Ras- 
like), Rho (1 =17; plus 9 Rho-like) or Ran (n= 6) subfamilies. 
Examples of these homologues include eft-1, fzo-1, glo-1 and rho-1, 
which have essential roles in embryonic, larval and/or reproductive 
development (see www.wormbase.org). 

Given their key roles, many of these enzymes are proposed as targets 
for anti-parasitic compounds and/or vaccines'*"*, Equally, the range of 
receptor and channel proteins identified here are interesting because 
many common anthelmintics bind such targets'’. Here, we predicted 
279 G protein-coupled receptors (GPCRs) for A. suum and 477 channel 
or pore proteins (Supplementary Data 4), including 272 voltage-gated 
and 98 ligand-gated ion channels. Many voltage-gated ion channels are 
known targets for nematocidal drugs, such as macrocyclic lactones (for 
example, ivermectin) and levamisole, and an aminoacetonitrile deriv- 
ative, monepantel, is the most recent example of a highly effective 
nematocide that binds to a ligand-gated ion channel’’. Importantly, 
in the A.suum gene set, we found a homologue (acr-23) of the 
C. elegans monepantel receptor’, suggesting that this drug may kill 
A. suum. In addition, we detected 462 transporters (for example, small 
molecule porter proteins), of which the major facilitator (n = 155), 
cation symporter (n= 71) and resistance-nodulation-cell division 
(n = 56) superfamilies were most abundant (Supplementary Data 4). 

Excretory/secretory (E/S) peptides are central to understanding 
parasite-host interactions. We predicted the secretome of A. suum 
to comprise 775 proteins with diverse functions (Supplementary 
Data 5). Notable among them are 68 secreted proteases, including 
20 SC clan serine proteases (S9 and S33 families), 18 MA clan 
metallo-proteases (M10, M12 and M41 families) and 5 CA/CD clan 
cysteine proteases (C1 and C13 families); see http://merops.sanger. 
ac.uk/ for clan definitions. 

Secreted proteases have known roles in host-tissue degradation, 
required for feeding, tissue-penetration and/or larval migration for a 
range of helminths", including Ascaris”. In addition, they are involved 
in inducing and modulating host immune responses against parasitic 
helminths’, which are often Th2-biased”°. From the current under- 
standing of these responses’*, we compiled a comprehensive list of 
A. suum E/S proteins homologous to helminth-secreted peptides with 
important immunogenic or immunomodulatory roles in host animals 
(Supplementary Table 7 and Supplementary Data 6). Such homolo- 
gues represent about half of the predicted A. suum secretome. Most 
abundant among them are O-linked glycosylated proteins (n = 300), 
many of which are heavily targeted by immunoglobulin (Ig) M anti- 
bodies and bound by various pattern recognition receptors associated 
with host dendritic cells responsible for the induction of a Th2 
immune response”. 

Other members of the A. swum secretome are predicted to direct 
or evade immune responses. These peptides include a close homologue 
of the E/S-62 leucyl aminopeptidase of the filarioid nematode 
Acanthocheilonema viteae, which has been shown to inhibit B-cell, 
T-cell and mast cell proliferation/responses, promote an alternative 
activation of the host macrophages, through the inhibition of the Toll- 
like receptor signalling pathway, and induce a Th2 response through 
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the inhibition of IL-12p70 production by dendritic cells'*. Additional, 
immunomodulatory molecules predicted for A.suum (BLASTp 
cut-off =10 °) include homologues of another B-cell inhibitor (that 
is, the B. malayi cystatin CPI-2), several TGF-B and macrophage 
initiation factor mimics, numerous neutrophil inhibitors, various 
oxidoreductases, and five close homologues of platelet anti-inflammatory 
factor % (ref. 15). Some A. suum E/S peptides are predicted to be 
involved in immune evasion; for instance, some mask parasite antigens 
by mimicking host molecules (such as several C-type lectins with close 
homology to vertebrate macrophage mannose or CD23 (low affinity 
IgE receptors’). 

Taken together, these data indicate that A. suum has a large arsenal of 
E/S proteins that are likely to be involved directly in manipulating, block- 
ing and/or evading immune responses in the host. Understanding the 
immunomolecular interplay between A. suum and its host, early in 
infection, particularly during hepatopulmonary migration, should pave 
the way for designing prophylactic interventions, such as vaccination. 

Ascaris larvae undertake an extensive migration through their host’s 
body before they establish as adults in the small intestine. Following the 
ingestion of infective eggs and their gastric passage, third-stage larvae 
(L3s)”' hatch from eggs in the gut and penetrate the intestinal wall; they 
then undergo, via the bloodstream, an arduous hepatopulmonary 
migration. The complexity of this migration coincides with important 
developmental changes in the nematode’. Clearly, this migration 
requires tightly regulated transcriptional changes in the parasite. We 
explored this aspect by characterizing the transcription profiles of 
infective L3s (from eggs), L3s from the liver or lungs of the host, and 
fourth-stage larvae (L4s) from the small intestine (Supplementary 
Fig. 4, Supplementary Data 7). Notable among genes enriched during 
larval migration are various secreted peptidases linked to tissue- 
penetration and degradation during feeding and/or migration”, 
including three C1/C2, five M1, eight M12, fourteen S9 and five $33 
clan members. Considering the complex nature of larval migration, a 
key role for molecules associated with chemosensory pathways is 
highly likely. Such molecules have been studied extensively in 
C. elegans”, with numerous homologues being identified here in larval 
transcripts (Supplementary Data 7). With few exceptions, all of these 
homologues relate to olfactory chemosensation of volatile compounds 
(for example, alcohols, aldehydes or ketones), suggesting that the 
olfactory detection of molecular gradients is central to the navigation 
of A. suum larvae during migration. Lastly, considering the substantial 
host attack against migrating Ascaris larvae, E/S proteins probably 
play crucial roles in immune modulation and/or evasion during 
hepatopulmonary migration. Many such genes, including Bm-alt-1, 
Bm-cpi-2 and mif-4, are highly transcribed in A. suum larvae (see 
Supplementary Data 7), particularly in migrating L3s. 

Because of the large size of the adult nematode (10-15 cm), we were 
able to explore transcription in the musculature and reproductive 
tracts of adult male and female A. swum individuals as well (Sup- 
plementary Fig. 5 and Supplementary Data 8). Among the male- 
enriched transcripts is a range of genes associated specifically with 
sperm and/or spermatogenesis, including fer-1, spe-4, spe-6, spe-9, 
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spe-10, spe-15 and spe-41, alg-4 and msp-57 (see www.wormbase.org). 
Notable among the female-enriched transcripts is a large variety of 
genes associated with oogenesis/egg-laying (such as cat-1, unc-54, 
cbd-1 and pqn-74), vulval development (such as noah-1, nhr-25, 
cog-1 and pax-3) and/or embryogenesis (such as cam-1 and unc-6; 
see www.wormbase.org). Although the functions of these genes have 
been explored in C. elegans (primarily a hermaphroditic nematode), 
this detailed insight into the tissue-specific transcription for a 
dioecious nematode is a major advance. 

Analyses of these RNA-seq data revealed 163,777 single nucleotide 
polymorphisms (SNPs) in coding regions of the A. suum genome; 61% 
of them were synonymous, 7% non-synonymous and <0.1% termina- 
tion codons (Supplementary Data 9). Some of the most variable genes 
in A. suum encoded ribosomal proteins (n = 44), translation initiation 
factor (tif) eIF-3 subunits 3 and 5, tif TFITH subunit H2 and tif IF-2, 
galectin-4 and galectin-9, the latter two of which are probably linked to 
immune evasion’* and may indicate that antigenic variation is among 
the many strategies apparent in Ascaris to combat the host immune 
response. Interestingly, the high nucleotide variability linked to the 
key elements of translation machinery did not relate to a bias in syn- 
onymous SNPs, suggesting that many mutations accumulate in 
particular ‘hotspots’ and/or are tolerated, but do not compromise 
either the structure or the function of this machinery. The least variable 
genes encoded various (druggable)'*”” serine/threonine phosphatases 
(n = 17) as well as numerous receptors, channels and transporters, 
for which there was an unusually strong bias towards synonymous 
SNPs, reinforcing their potential as intervention targets. 

Given our present reliance on a small number of drugs (for example, 
piperazine, pyrantel, albendazole and mebendazole) for the treat- 
ment of ascariasis, their repeated or excessive use might lead to resist- 
ance in Ascaris populations to some or all of these compounds”. As 
few new anthelmintics (that is, aminoacetylnitriles’? and cycloocto- 
depsipeptides™) have been discovered in the past two decades using 
traditional screening methods, an effective, alternative means of drug 
discovery is urgently needed”’. Genome-guided drug target or drug 
discovery has major potential to complement conventional screening 
and re-purposing. The goal of genome-guided analysis is to identify 
genes or molecules whose inactivation by one or more drugs will 
selectively kill parasites but not harm their host. 

Because most parasitic nematodes are difficult to produce or maintain 
outside of their host, or to subject to gene-specific silencing by RNAi® or 
morpholinos”*”’, direct functional assessment of essentiality (that is, they 
are needed for the nematode’s survival) is not yet practical. However, 
essentiality can be inferred from functional information for model 
organisms (for example, lethality in C. elegans and D. melanogaster)”, 
and this approach has indeed yielded effective targets for nematocides’®. 
In Ascaris, we identified 629 proteins (Supplementary Data 10) with 
essential homologues in C. elegans and D. melanogaster (linked to lethal 
phenotypes upon gene perturbation). Among these are 87 channels or 
transporters (including 44 voltage-gated ion channels), which represent 
protein classes most successfully targeted for anthelmintic compounds, 
including macrocyclic lactones, levamisoles and aminoacetonitrile 


Protein or chokepoint Subtype (number of molecules) Total number 
GTPase Small GTPase (22); Ras (13); Rab (5); Rho (3); Ras-like (1); others (2) 46 
Kinase TK (8); AGC (3); CAMK (2); TKL (2); STE (1); other (1) 7 
Peptidase A22A (5); M14B (3); M12B (2); M67A (1); C14A (1); C50 (1); M12A (1); M13 (1); TO1A (1); C46 (1); S33 (1) 9 
Phosphatase STP (28); cPTP (4); DSP (3) 35 


Transporters and channels 


‘Lethal’ chokepoints 
G protein-coupled receptor kinase 5 
Phosphoribosylformylglycinamidine synthase 
Inosine-5'-monophosphate dehydrogenase 


Phospho-N-acetylmuramoyl pentapeptide transferase 


Channels and pores (30); primary active transporters (24); incompletely characterized transport system proteins (22); 87 
accessory factors involved in transport (5); electrochemical potential-driven transporters (5); group translocators (1) 
CDP-diacylglycerol-inositol 3-phosphatidyltransferase 


Candidates were inferred from essentiality prediction and metabolic chokepoint analysis. 
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derivatives’’’*. Also notable are 46 GTPases, 35 phosphatases (includ- 
ing PP1 and PP2A homologues, as targets for norcantharidin 
analogues)'®, 17 kinases and 19 peptidases (Table 2). 

In addition to essentiality-based prediction, an alternative strategy 
has been to infer enzymatic chokepoints intrinsic to the complete 
metabolome of a parasite’. Such chokepoints are defined as enzymatic 
reactions that uniquely produce and/or consume a molecular com- 
pound, using the strategy that the disruption of such enzymes would 
lead to the toxic build-up (that is, for unique substrates) or starvation 
(that is, for unique products) of metabolites within cells. Pathway 
analysis identified 225 likely chokepoints linked to genes predicted 
to be essential in A. suum (Supplementary Data 10). We gave the highest 
priority to targets predicted from single-copy genes in the A. suum 
genome, reasoning that lower allelic variability would exist within 
populations and would thus be less likely to give rise to drug resistance. 

Using this strategy, we identified five high-priority drug targets for 
A. suum (see Table 2 and Supplementary Data 10) that, given their 
conservation with C. elegans and D. melanogaster, are likely to be rel- 
evant in relation to many other parasitic helminths. Conspicuous 
among them is IMP dehydrogenase (GMP reductase), which has a 
variety of inhibitors (for example, mycophenolic acid analogues”’) that 
could be tested for ascaricidal effects. Clearly, the druggable genome of 
Ascaris now provides a solid basis for rational drug design, aimed at 
controlling parasitic nematodes of major socioeconomic impact 
worldwide. 

In conclusion, we have characterized the genome of A. suum, a 
major parasite of one of the world’s most important food animals 
(pig) and the closest relative of A. lumbricoides, which infects about 
1.2 billion people globally’. Intriguingly, the present A. suum draft 
genome exhibits unusually low repeat content and lacks Tas2 trans- 
posons’. These characteristics probably relate to the chromatin dimi- 
nution described previously for some ascaridoids’, indicating that our 
assembly represents the somatic genome of this parasite. The precise 
mechanism governing this diminution is not yet understood. 
Although the chromatin lost during this process is not fully character- 
ized, there appears to be a significant loss in repeat content’, consistent 
with the present assembly. Notably, the present gene set inferred for 
A. suum includes fert-1 and rpS19G, which, although originally pro- 
posed to be germline-specific’, were transcribed in all adult libraries 
sequenced here. This finding suggests that the genomic content lost 
during diminution might vary among individuals or tissues, and is a 
stimulus to investigate chromatin diminution between and among 
individual cells (that is, sperm or eggs), stages and tissue types of 
A. suum. Importantly, the present study, showing that a high-quality 
genomic assembly can be achieved using an approach based on whole- 
genome amplification, provides unique prospects for exploring dimi- 
nution in detail, using the present genome as a reference. 

In addition, our sequencing effort has characterized a broad range of 
key classes of molecules of major relevance to understanding the 
molecular biology of A. suum and the exquisite complexities of the 
host-parasite interplay on an immunobiological level. This work paves 
the way for future fundamental molecular explorations and the design 
of new methods for the treatment and control of one of the world’s most 
important parasitic nematodes. This focus is now crucial, given the 
major impact of Ascaris and other soil-transmitted helminths, which 
affect billions of people and animals worldwide. Although these para- 
sites are seriously neglected, genomic and post-genomic approaches 
provide new hope for the discovery of intervention strategies, with 
major implications for improving global health. 


METHODS SUMMARY 


We sequenced the genome of A. suum using Illumina technology from genomic 
DNA from the reproductive tract of a single adult female. From six paired-end 
sequencing libraries (insert sizes: 0.17 kb to 10 kb; see Supplementary Tables 1 and 
2), we generated 39 Gb of useable short-read sequence data, equating to ~80-fold 
coverage of the 273-Mb genome. We assembled the short reads, constructed 
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scaffolds in a step-by-step manner, and then closed intra-scaffold gaps’. 
Transposable elements, non-coding RNAs and the protein-coding gene set were 
inferred using a combination of predictive modelling and a homology-based 
approach. Orthology and synteny analyses were conducted using established 
methods’''. We sequenced messenger RNA from infective L3s (from eggs), 
migrating L3s from the liver or lungs of the host, and L4s from the small intestine, 
as well as muscle and reproductive tissues from adult male and female A. suum, 
and used these data to aid gene predictions, define SNPs and explore key molecules 
associated with larval migration, reproduction and development. All proteins 
predicted from the gene set were annotated using databases for conserved protein 
domains, gene ontology annotations and model organisms (that is, Caenorhabditis 
elegans, Drosophila melanogaster and Mus musculus). Essentiality and drug target 
predictions were conducted using established or in-house methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 16 June; accepted 12 September 2011. 
Published online 26 October 2011. 


1. Hotez, P. J., Fenwick, A., Savioli, L. & Molyneux, D. H. Rescuing the bottom billion 
through control of neglected tropical diseases. Lancet 373, 1570-1575 (2009). 

2. Crompton, D. W. Ascaris and ascariasis. Adv. Parasitol. 48, 285-375 (2001). 

3. The C. elegans Sequencing Consortium. Genome sequence of the nematode C. 
elegans: a platform for investigating biology. Science 282, 2012-2018 (1998). 

4. Adams,M. D. etal. The genome sequence of Drosophila melanogaster. Science 287, 
2185-2195 (2000). 

5. Li, R. etal. The sequence and de novo assembly of the giant panda genome. Nature 
463, 311-317 (2010). 

6. Mitreva, M. et a/. The draft genome of the parasitic nematode Trichinella spiralis. 
Nature Genet. 43, 228-235 (2011). 

7. Miller, F. & Tobler, H. Chromatin diminution in the parasitic nematodes Ascaris 
suum and Parascaris univalens. Int. J. Parasitol. 30, 391-399 (2000). 

8. Dieterich, C. etal. The Pristionchus pacificus genome provides a unique perspective 
on nematode lifestyle and parasitism. Nature Genet 40, 1193-1198 (2008). 

9. Ghedin, E. et a/. Draft genome of the filarial nematode parasite Brugia malayi. 
Science 317, 1756-1760 (2007). 

10. Opperman, C. H. etal. Sequence and genetic map of Meloidogyne hapla: a compact 

nematode genome for plant parasitism. Proc. Nat! Acad. Sci. USA 105, 

14802-14807 (2008). 

11. Kuzniar, A. van Ham, R. C. H. J., Pongor, S. & Leunissen, J. A. M. The quest for 
orthologs: finding the corresponding gene across genomes. Trends Genet. 24, 
539-551 (2008). 

2. Blaxter, M. L. eta/. A molecular evolutionary framework for the phylum Nematoda. 
Nature 392, 71-75 (1998). 

3. Ewen-Campen, B., Schwager, E. E. & Extavour, C. G. The molecular machinery of 
germ line specification. Mol. Reprod. Dev. 77, 3-18 (2010). 

4. Mckerrow, J. H., Caffrey, C., Kelly, B., Loke, P. & Sajid, M. Proteases in parasitic 
diseases. Annu. Rev. Pathol. 1, 497-536 (2006). 

5. Hewitson, J. P., Grainger, J. R. & Maizels, R. M. Helminth immunoregulation: the 
role of parasite secreted proteins in modulating host immunity. Mol. Biochem. 
Parasitol. 167, 1-11 (2009). 

6. Campbell, B. E. et al. Norcantharidin analogues with nematocidal activity in 
Haemonchus contortus. Bioorg. Med. Chem. Lett 21, 3277-3281 (2011). 

7. Campbell, B. E., Hofmann, A., McCluskey, A. & Gasser, R. B. Serine/threonine 

phosphatases in socioeconomically important parasitic nematodes—prospects 

as novel drug targets? Biotechnol. Adv. 29, 28-39 (2011). 

8. Renslo, A. R. & McKerrow, J. H. Drug discovery and development for neglected 

parasitic diseases. Nature Chem. Biol. 2, 701-710 (2006). 

9. Kaminsky, R. et al. A new class of anthelmintics effective against drug-resistant 

nematodes. Nature 452, 176-180 (2008). 

20. Maizels, R. M. & Yazdanbakhsh, M. Immune regulation by helminth parasites: 

cellular and molecular mechanisms. Nature Rev. Immunol. 3, 733-744 (2003). 

21. Geenen, P. L. et al. The morphogenesis of Ascaris suum to the infective third-stage 

arvae within the egg. J. Parasitol. 85, 616-622 (1999). 

22. Bargmann, C. |. Chemosensation in C. elegans in Wormbook (ed. The C. elegans 

Research Community) (2006); http://www.wormbook.org. 

23. Keiser, J. & Utzinger, J. The drugs we have and the drugs we need against major 

helminth infections. Adv. Parasitol. 73, 197-230 (2010). 

24. Harder, A. et al. Cyclooctadepsipeptides—an anthelmintically active class of 
compounds exhibiting a novel mode of action. /nt. J. Antimicrob. Agents 22, 
318-331 (2003). 

25. Heasman, J. Morpholino oligos: making sense of antisense? Dev. Biol. 243, 
209-214 (2002). 

26. Geldhof, P. et a/. RNA interference in parasitic helminths: current situation, 
potential pitfalls and future prospects. Parasitology 134, 609-619 (2007). 

27. Lee, |. et al. A single gene network accurately predicts phenotypic effects of gene 
perturbation in Caenorhabditis elegans. Nature Genet. 40, 181-188 (2008). 

28. Campbell, W. C., Fisher, M. H., Stapley, E. O., Albers-Schonberg, G. & Jacob, T. A. 
Ivermectin: a potent new antiparasitic agent. Science 221, 823-828 (1983). 

29. Berriman, M. et al. The genome of the blood fluke Schistosoma mansoni. Nature 
460, 352-358 (2009). 


©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


METHODS 


Sample procurement, preparation and storage. All specimens of A. suum were 
collected from pigs (Sus scofra) with naturally acquired infections in Victoria, 
Australia (adult nematodes) and Ghent, Belgium (larval stages). L3s and L4s were 
also collected from the liver or lung and from the small intestine, respectively, of 
pigs, using established procedures*!**. Nematodes were washed extensively in 
sterile physiological saline (37 °C), snap-frozen in liquid nitrogen and then stored 
at —70°C until use. 

DNA isolation, sequencing and quality control. Total genomic DNA was iso- 
lated from the reproductive tract of a single adult female of A. suum using a 
sodium-dodecyl sulphate/proteinase K digestion*’ followed by phenol-chlo- 
roform extraction and ethanol precipitation**. Total DNA yield was determined 
using the Qubit fluorometer double-stranded DNA HS Kit (Invitrogen). DNA 
integrity was verified with a 2100 Bioanalyser (Agilent). Short-insert (170 bp and 
500 bp) and mate-pair (800 bp, 2 kb, 5 kb and 10 kb) genomic DNA libraries were 
prepared and paired-end sequenced using TruSeq chemistry on a HiSeq 2000 
(Illumina). Whole-genome amplification, employing the REPLI-g Midi Kit 
(Qiagen), was used to produce (from 200 ng of genomic template) the required 
amount of DNA for the construction of the 2-kb, 5-kb and 10-kb libraries 
(Supplementary Fig. 6). The sequence data generated from each of the six lib- 
raries were verified, and low-quality sequences, base-calling duplicates and adap- 
ters removed. The size of the genome and the heterozygosity rate were estimated 
by establishing the frequency of occurrence of each 17-bp k-mer (a unique 
sequence of k (that is, 17) nucleotides in length) within the genomic sequence 
data set (from the 170-bp library) using an established method’. Genome size was 
estimated using a modification of the Lander-Waterman algorithm’, where the 
haploid genome length in base pairs is G = (N X (L — K + 1) — B)/D, where N is 
the read length sequenced in base pairs, L is the mean length of sequence reads, K 
is the k-mer length (17 bp) and B is the number of k-mers occurring less than four 
times (Supplementary Fig. 7). Heterozygosity was evaluated throughout the 
genome assembly by assessing the distribution of the k-mer frequency in the 
sequence data set. 

RNA isolation, sequencing and assembly. We obtained total RNAs from egg-L3s 
(n ~ 500,000), liver-L3s (n ~ 60,000), lung-L3s (1 ~ 80,000) or L4s (n ~ 30,000) 
and from the somatic musculature or reproductive tract of each of two adult male 
and two adult female A. suum using the TriPure reagent (Roche), and both yield 
and quality were verified by 2100 BioAnalyser (Agilent). Polyadenylated 
(polyA+) RNA was purified from 10 1g of total RNA using Sera-mag oligo(dT) 
beads, fragmented to a size of 300-500 bp, reverse-transcribed using random 
hexamers, end-repaired and adaptor-ligated, according to the manufacturer’s 
protocol (Illumina). Ligated products of ~400bp were excised from agarose 
and then PCR-amplified (15 cycles), as recommended. Products were purified 
over a MinElute column (Qiagen) and subjected to paired-end RNA-seq using 
TruSeq chemistry on a HiSeq 2000 (Illumina) and assessed for quality and adaptor 
sequence. Transcripts were assembled from RNA-seq data using Oases**. All 
transcripts were used to assess the completeness of the genome assembly and to 
predict genes. 

Genomic assembly and quality control. Following sequencing, all DNA- 
sequence reads were corrected based on k-mer (=17) distribution’. Briefly, 
sequence reads were removed if >10% of bases were ambiguous (represented 
by the letter N) or multiple adenosine monophosphates (poly-A), and all remain- 
ing reads were filtered on the basis of Phred quality. For small insert-size libraries 
(that is, <800 bp), additional reads were removed from the final data set if >65% 
of bases were of a low Phred quality (<8). For large insert libraries (2 kb, 5 kb and 
10 kb), reads were removed from the final data set if >80% of bases were of a low 
Phred quality (<8). Duplicate (that is, identical) reads and partial reads represent- 
ing the Illumina adaptor sequence were also removed, as were reads from the 
500-bp library representing paired reads found to overlap by >10 bp (allowing for 
a 10% mismatch). Corrected and filtered data were assembled into contigs using 
SOAPdenovo’, and joined iteratively into scaffolds using a step-wise process (see 
Supplementary Fig. 8), using the paired reads generated from each library; local 
assemblies were used to close all gaps. Each nucleotide position in the final assembly 
was assessed for accuracy by aligning all filtered reads to the scaffolds using 
SOA P2aligner”, allowing for up to five mismatches per read. The depth of coverage 
and repeat content were assessed initially by sliding-window analysis and presented 
as a frequency distribution (Supplementary Fig. 9). GC-content was estimated using 
10-kb non-overlapping sliding windows, and GC-bias’* was assessed based on a 
frequency distribution of these data (Supplementary Fig. 10). To assess the com- 
pleteness of the genome assembly, RNA-seq data representing each of the organs 
(that is, musculature and reproductive tract), genders and/or stages of A. suum 
sequenced were mapped to the final assembly using the BLAST-like Alignment 
Tool (BLAT)”. 


Assessment of repeat content and annotation of non-coding RNA. Following 
genome assembly, tandem repeats were identified using the Tandem Repeats 
Finder program”. Transposable elements were predicted using a combination 
of homology-based comparisons (using RepeatMasker*’) and de novo approaches 
(using LTR_FINDER”, PILER” and RepeatScout™), with a consensus population 
of predicted repetitive elements, constructed in RepeatScout using fit-preferred 
alignment scores. Low-frequency repeats (=25) and multi-copy genes (in the 
repeat element library) were filtered using RepeatMasker, producing a non- 
redundant sequence file, which was then used to identify and classify additional 
homologous repeats in the genome. 

Gene prediction, and synteny and genetic variation analysis. The A. suum 
protein-coding gene set was inferred using de novo-, homology- and evidence- 
based (that is, transcriptomic) approaches. De novo gene prediction was performed 
ona repeat-masked genome using three programs (Augustus, GlimmerHMM and 
SNAP)’; training models were generated from a subset of the transcriptomic data 
set representing 1,355 distinct genes. Homology-based prediction was conducted 
by comparison with complete genomic data for Caenorhabditis elegans’, 
Pristionchus pacificus* and Brugia malayi? using a multi-phase strategy, in which 
(1) all putative homologous gene sequences were preliminarily identified from 
alignments with protein sequences representing the complete gene set of each of 
the reference genomes (the longest transcripts were chosen to represent each gene) 
by TblastN (e-value cut-off: 10-°) and grouped into gene-like structures using 
genBlastA”; (2) regions representing these putative genes, and flanking regions 
(3,000 bp) at the 5’- and 3'-ends of each predicted gene, were extracted from the 
assembly and aligned to the ‘parent’ sequences derived from the reference genomes 
using Genewise”; (3) all single-exon genes predicted to have arisen from a retro- 
transposition and containing at least one frame-shift error or representing incom- 
plete coding domains of <150 bp as well as all multi-exon genes containing more 
than two frame-shift errors and/or representing incomplete coding domains of 
<100 bp, were discarded. Evidence-based gene prediction was conducted by align- 
ing all RNA-seq data generated herein against the assembled genome using 
TopHat"’, with cDNAs predicted from the resultant data using Cufflinks’. 
Following the prediction of genes, a non-redundant gene set representing homo- 
logy-based, de-novo-predicted and RNA-seq-supported genes, was generated 
using Glean (http://sourceforge.net/projects/glean-gene)°. All Glean-predicted 
genes were retained, as were all genes supported by RNA-seq data and those 
predicted using two or more de novo methods (that is, Augustus, 
GlimmerHMM and/or SNAP). The open reading frame of each gene was predicted 
using BestORF (www.softberry.com). To assess the quality and accuracy of the 
predicted gene set, we examined the length-distribution of all genes, coding 
sequences, exons and introns, and the distribution of exon numbers for individual 
genes, and then compared these parameters with those calculated for the published 
gene sets of B. malayi, C. elegans, P. pristionchus and M. incognita (Supplementary 
Fig. 4). 

Following prediction of the finalized gene set, we conducted pairwise analysis 
of the overall synteny existing between/among the large (>1 Mb) assembly scaf- 
folds for B. malayi and A. suum relative to the complete C. elegans chromosomes. 
This analysis was undertaken by conducting pairwise alignments among all 
A. suum or B. malayi (WS220 assembly: ftp://ftp.sanger.ac.uk/pub2/wormbase/ 
releases/WS220/genomes/b_malayi/) scaffolds larger than 1 Mb in size and the 
C. elegans chromosomes using LASTz (http://www.bx.psu.edu/miller_lab/dist/ 
README lastz-1.02.00/README.lastz-1.02.00a.html), which were then joined 
using CHAINNET™ and output as a .axt alignment from which large-syntenic 
regions were defined. The resulting alignment files were used to construct synteny 
images on scaleable vector graphics format using customized perl scripts (ZX). In 
addition, gene-level synteny analyses were conducted for one-to-one orthologous 
genes colocalizing to large A.suum or B. malayi assembly scaffolds (>1 Mb) 
according to ref. 9. Orthology was determined by pairwise reciprocal BLASTx 
comparisons between A. suum, B.malayi and C. elegans according to ref. 11. 
One-to-one orthologous genes shared between either A. suum or B. malayi and 
C. elegans but not shared among A.suum and B.malayi based on reciprocal 
BLASTp analysis were further confirmed by Hidden Markov Modelling using 
the jackhmmr command in the program HMMER3.0 (ref. 50) and a highly 
permissive threshold (HMM cutoff: 10-7). 

We assessed the genome-wide variation in the exonic regions by mapping all 
raw reads from our transcriptomic data to the genomic coding domains using 
Maq”’, and calling SNPs with a minimum coverage threshold of ten reads. All 
mapped reads were assessed as synonymous (non-coding change), non-synonymous 
(coding change) or ambiguous (a SNP that was represented in our data set as an 
ambiguous IUPAC code wherein one nucleotide change would cause a synonym- 
ous mutation and the other a non-synonymous mutation) using a custom Perl 
script (snp_analysis.pl). All genes were then ranked based on their accumulation of 
SNPs to assess and identify their levels of conservation/variation relative to their 
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function. We reasoned that, in addition to the real effects of the variability of each 
gene on their accumulation of SNPs, these data would be influenced also by the 
coverage achieved for each gene, which is affected by the number of reads available 
for each gene (that is, their relative levels of transcription) and the length of each 
gene. Thus, before ranking, the SNP data for each gene was normalized for its 
calculated reads per kilobase per million reads (RPKM) and total gene length using 
the simple equation: SNPs per read per kilobase = total SNPs divided by RPKM 
divided by gene length (in bp) multiplied by 1,000 bp. Following ranking, we 
explored function among the 2.5% most variable (with the highest rankings based 
on normalized SNP data) and most conserved genes (with the lowest rankings 
based on normalized SNP data). Noting the potential inaccuracy associated with 
estimating the normalized SNP rankings of lowly transcribed genes (owing to a 
lack of data/coverage), only genes for which at least 100 reads were available were 
considered in these functional comparisons. 

Functional annotation of coding genes. Following the prediction of the protein- 
coding gene set, each inferred amino acid sequence was assessed for conserved 
protein domains in the SProt, Pfam, PRINTS, PROSITE, ProDom and SMART 
databases using InterProScan™, employing default settings. Gene ontology cat- 
egories” were assigned to each contig inferred to contain at least one conserved 
protein domain. Gene ontology categories were summarized and standardized to 
level 2 and level 3 terms, defined using the GOslim hierarchy” using WEGO”. To 
characterize further the contigs/transcripts from A. suum, we conducted a series of 
high-stringency BLASTp homology searches (e-value cut-off: 10°) against a 
variety of databases. Each contig was assessed for a known functional orthologue, 
defined using the Kyoto Encyclopaedia of Genes and Genomes (KEGG) 
(www.kegg.com). Where appropriate, orthologous matches were mapped visually 
to a defined pathway using the KEGG pathway tool (available via www.kegg.com) 
or clustered to a known protein family using the KEGG-BRITE hierarchy tool 
(available via www.kegg.com). In addition, the amino acid sequence inferred from 
each A.suum coding gene was compared by BLASTp with protein sequences 
available for key nematode species (B.malayi, C. elegans, P.pacificus and 
M. incognita) as well as for Drosophila melanogaster’ and Mus musculus’ and 
those contained within the UniProt*’, SwissProt and TREMBL databases”*. Key 
protein groups (for example, peptidases, kinases, phosphatases, GTPases, GPCRs, 
and transport and channel proteins) were characterized by high-stringency 
BLASTp homology searching (e-value cut-off <10~°) of manually curated 
information sequence data available in the MEROPS”, WormBase, KS-Sarfari 
(https://www.ebi.ac.uk/chembl/sarfari/kinasesarfari) and GPCR-Sarfari (https:// 
www.ebi.ac.uk/chembl/sarfari/gpcrsarfari) and the Transporter Classification 
database’. E/S proteins were predicted using Phobius®', employing both the 
neural network and hidden Markov models, and by BLASTp homology-searching 
of the validated signal peptide database and an E/S database containing pub- 
lished proteomic data for B. malayi****, Schistosoma mansoni® and M. incognita®®. 
In the final annotation, proteins inferred from genes were classified based on a 
homology match (e-value cut-off: <10 °) to: (1) a curated, specialist protein 
database, followed by (2) the KEGG database, followed by (3) the UniProt/ 
SwissProt/TREMBL databases, followed by (4) the annotated gene set for a model 
organism, including C. elegans, D. melanogaster, M. musculus or S. cerevisiae, fol- 
lowed by (5) the gene ontology classification, and, finally, (6) a recognized, con- 
served protein domain based on InterProScan analysis. Any inferred proteins 
lacking a match (BLASTp cut-off =10 °) in at least one of these analyses were 
designated hypothetical proteins. The final annotated protein-coding gene set for 
A. suum is available for download at WormBase (in nucleotide and amino acid 
formats). 

Differential transcription analysis. Following RNA-seq, all paired-end reads for 
each library constructed were aligned to the predicted A.suum gene set using 
TopHat, and quantitative levels of transcription (RPKM)* were calculated using 
Cufflinks. Differential transcription was assessed” using a P-value cut-off of $0.01 
anda minimum, two-fold difference in absolute RPKM values. False discovery rates 
for differential transcription were determined®. To allow the rapid visual assess- 
ment of the statistically significant changes in transcription of each gene between 
and among individual libraries, we constructed heat-maps representing absolute 
differences in the RPKM values, calculated for each transcript using a customized 
Perl script (express_heatmap_RPKM.pl). Genetic interaction networks were pre- 
dicted® based on data available for homologous genes in C. elegans (inferred from 
BLASTp comparisons) and viewed using the program BioLayout 3D”. 
Essentiality and druggability predictions. A. suum genes with homology to 
those in the C. elegans and/or D. melanogaster genomes were inferred based on 
BLASTp comparisons using the predicted protein sequences for individual species 
(e-value cut-off 10° °). Phenotypic data for each C. elegans and D. melanogaster 
homologue were sourced from WormBase and FlyBase (www.flybase.org), 
respectively. A. suum genes determined”! to have homologues with lethal pheno- 
types in both C. elegans and D. melanogaster were inferred to represent essential 
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genes. Metabolic chokepoints were defined’” and assessed based on A. suum 
gene sequences determined, by BLASTp comparison (10° °), to have an orthologue 
in the KEGG database. All ‘essential’ homologues and/or molecules in ‘choke- 
points’ were then queried against the BRENDA” and CHEMBL databases 
(accessible via https://www.ebi.ac.uk/chembldb/), to identify known chemical 
inhibitors. 

Additional bioinformatic analyses, and use of software. Data analysis was 
conducted in a Unix environment or Microsoft Excel 2007 using standard com- 
mands. Bioinformatic scripts required to facilitate data analysis were designed 
using Perl, BioPerl, Java and Python and are available via http://research.vet. 
unimelb.edu.au/gasserlab/. 
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Somatic retrotransposition alters the genetic 
landscape of the human brain 


J. Kenneth Baillie!*, Mark W. Barnett", Kyle R. Upton!*, Daniel J. Gerhardt”, Todd A. Richmond’, Fioravante De Sapio’, 
Paul Brennan’, Patrizia Rizzu*, Sarah Smith’, Mark Fell', Richard T. Talbot', Stefano Gustincich”, Thomas C. Freeman!, 
John S. Mattick®, David A. Hume!, Peter Heutink*, Piero Carninci’, Jeffrey A. Jeddeloh? & Geoffrey J. Faulkner’ 


Retrotransposons are mobile genetic elements that use a germline 
‘copy-and-paste’ mechanism to spread throughout metazoan 
genomes’. At least 50 per cent of the human genome is derived 
from retrotransposons, with three active families (L1, Alu and 
SVA) associated with insertional mutagenesis and disease”. 
Epigenetic and post-transcriptional suppression block retrotran- 
sposition in somatic cells**, excluding early embryo development 
and some malignancies®’. Recent reports of L1 expression®’ and 
copy number variation’®"’ in the human brain suggest that L1 
mobilization may also occur during later development. However, 
the corresponding integration sites have not been mapped. Here 
we apply a high-throughput method to identify numerous L1, Alu 
and SVA germline mutations, as well as 7,743 putative somatic L1 
insertions, in the hippocampus and caudate nucleus of three indi- 
viduals. Surprisingly, we also found 13,692 somatic Alu insertions 
and 1,350 SVA insertions. Our results demonstrate that retrotran- 
sposons mobilize to protein-coding genes differentially expressed 
and active in the brain. Thus, somatic genome mosaicism driven by 
retrotransposition may reshape the genetic circuitry that under- 
pins normal and abnormal neurobiological processes. 

Malignancy and ageing are commonly associated with the accu- 
mulation of deleterious mutations that lead to loss of function, cell 
death or uncontrolled growth. Retrotransposition is strongly muta- 
genic; an estimated 400 million retrotransposon-derived structural 
variants are present in the global human population’ and more than 
70 diseases involve heritable and de novo retrotransposition events’. 
Presumably for this reason, transposition-competent retrotranspo- 
sons are heavily methylated and transcriptionally inactivated*’. 
Nevertheless, substantial somatic L1 retrotransposition has been 
detected in neural cell lineages'®”*. Given the complex structural 
and functional organization of the mammalian brain, its adaptive 
and regenerative capabilities’? and the unresolved aetiology of many 
neurobiological disorders, these somatic insertions could be of great 
importance™. 

One explanation for the observed transpositional activity in the 
brain may be that the Ll promoter is transiently released from epi- 
genetic suppression during neurogenesis'’’”. Transposition-competent 
L1 retrotransposons can then repeatedly mobilize to different loci in 
individual cells and produce somatic mosaicism. Several lines of evid- 
ence support this model, including L1 transcription®’ and copy number 
variation (CNV) in brain tissues from human donors of various 
ages'*!, as well as mobilization of engineered L1 retrotransposons in 
vitro and in transgenic rodents'*’”. Importantly, it is not known where 
somatic L1 insertions occur in the genome, nor, considering that open 
chromatin is susceptible to L1 integration’*, whether these events dis- 
proportionately affect protein-coding loci expressed in the brain. 


Mapping the individual retrotransposition events that collectively 
form a somatic mosaic is challenging owing to the rarity of each 
mutant allele in a heterogeneous cell population. We therefore 
developed a high-throughput protocol that we call retrotransposon 
capture sequencing (RC-seq). First, fragmented genomic DNA was 
hybridized to custom sequence capture arrays targeting the 5’ and 3’ 
termini of full-length L1, Alu and SVA retrotransposons (Fig. la and 
Supplementary Tables 1 and 2). Immobile ERVK and ERV1 long 
terminal repeat (LTR) elements were included as negative controls. 
Second, the captured DNA was deeply sequenced, yielding ~25 million 
paired-end 101-mer reads per sample (Fig. 1b). Last, read pairs were 
mapped using a conservative computational pipeline designed to 
identify known (Fig. 1c) and novel (Fig. 1d and Supplementary Fig. 
la-d) retrotransposon insertions with uniquely mapped read pairs 
(‘diagnostic reads’) spanning their termini. 

Previous works have equated L1 CNV with somatic mobilization in 
vivo'°"’, To test this assumption with RC-seq, we first screened five 
brain subregions taken from three individuals (donors A, B and C) for 
L1 CNV. A significant (P < 0.001) increase was observed in the num- 
ber of copies of L1 open reading frame 2 (ORF2) present in DNA 
extracted from the hippocampus of donor C, and a similar, though 
smaller, increase was observed for donor A (Fig. 2). We then applied 
RC-seq to the brain regions that showed the highest (hippocampus) 
and lowest (caudate nucleus) L1 CNV using samples from all three 
donors, including a technical replicate of caudate nucleus from donor 
A. A total of 177.4 million RC-seq paired-end reads were generated 
from seven libraries (Supplementary Table 3). RC-seq achieved deep 
sequencing coverage of known active retrotransposons, high repro- 
ducibility and limited sequence capture bias (Supplementary Results). 

Read pairs diagnostic for novel retrotransposon insertions were 
clustered on the basis of their insertion site, relative orientation and 
retrotransposon family. A total of 25,229 clusters were produced. 
Proximal clusters arranged on opposing strands indicated two termini 
of one insertion and were paired, resulting in a catalogue of 24,540 
novel insertions (Supplementary Table 4). As expected, the great 
majority of these were either L1 (32.2%) or Alu (60.9%) (Fig. 3a). To 
segregate germline mutations from other events, we combined the 
three largest available catalogues of L1 and Alu polymorphisms®'*”” 
as an annotation database and also performed RC-seq on pooled 
genomic DNA extracted from blood, producing 6,150 clusters 
(Supplementary Table 5) that were intersected with the existing brain 
RC-seq clusters. Any brain clusters that contained RC-seq reads from 
more than one region or individual, overlapped a blood RC-seq cluster 
or matched a known polymorphism were designated as germline 
insertions. Overall, 8.4% of Alu insertions in the brain were anno- 
tated as germline, versus only 1.9% for L1. Nearly all unannotated 
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Figure 1 | Overall RC-seq methodology. a, Retrotransposon capture: sheared 
genomic DNA is hybridized to custom tiling arrays probing full-length 
retrotransposons (nucleotides highlighted with light-blue background). 

b, Sequencing: after hybridization, DNA fragments are eluted and analysed 
with an Illumina sequencer, producing ~2.5 X 10’ paired-end reads per library 


L1 insertions matched fewer than three diagnostic RC-seq reads 
(Fig. 3b) and were considered potential somatic insertions. 
Candidate insertions were validated by PCR amplification and 
capillary sequencing. Thirty-five germline L1, Alu, SVA and LTR 
insertions were readily confirmed by single-step PCR (Supplemen- 
tary Table 6). Given low target molecule abundance and the high 
genomic frequency of the L1 3’ end, we devised a 5’'-end nested 
PCR validation assay for somatic insertions. From 850 and 2,601 
full-length (=90%) L1 and Alu insertions, respectively representing 
11.0% and 19.0% of the putative somatic insertions found for each 
family, we selected 29 examples (14 L1 and 15 Alu) for validation. 
Nearly all of the chosen examples were exonic or intronic and were 
prioritized on the basis of the degree of 5’ truncation, with longer 
insertions preferred. Optimization of the protocol, combined with 
substantial input DNA (100 ng), ultimately led to the confirmation 
of all of the Ll insertions and 12 of the 15 Alu insertions 
(Supplementary Table 7 and Supplementary Fig. 2). Four somatic 
SVA insertions were also assayed using the same process, and two 
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Figure 2 | Multiplex quantitative PCR confirms L1 CNV in the human 
brain. The relative abundance of L1 open reading frame 2 (ORF2) with respect 
to a-satellite repeats (SATA) was quantified using an existing TaqMan-based 
approach'®. Genomic DNA from five brain regions was assayed in three donors 
(A, B and C). Hi, hippocampus; Pu, putamen; TG, middle temporal gyrus; Ca, 
caudate nucleus; FG, middle frontal gyrus. Values are normalized to caudate 
nucleus for each donor. Error bars, s.e.m. *P < 0.001 for repeated-measures 
one-way analysis of variance within each donor, followed by pairwise least- 
significant-difference post hoc tests with Bonferroni correction. 
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that are subsequently aligned to the reference genome. c, Reads mapping as a 
pair to a single locus indicate known retrotransposon insertions. d, Unpaired 
reads where one end maps to a single locus and the other end maps to a distal 
retrotransposon indicate novel retrotransposition events. 


were confirmed (both from subfamily SVA_F) before the available 
input material was exhausted. 

Repeated attempts to PCR-amplify the corresponding 3’ junctions 
consistently yielded off-target amplicons, leaving validation based 
exclusively on 5’ junctions. For this reason, we could not experimentally 
identify the target-site duplications (TSDs) that are indicative of retro- 
transposition through target-primed reverse transcription’. We pro- 
pose that the 3’ junctions of insertions validated at their 5’ ends did 
not amplify efficiently owing to the confounding factors listed above, 
and to the presence of long polyA tails in on-target amplicons but often 
not, as we found, in off-target amplicons. 

However, TSDs could in some cases be found directly by RC-seq 
(Supplementary Fig. 1d). An examination of germline insertions 
sequenced to high depth (=10 reads) at both their 5’ and their 3’ ends 
revealed that 43 of 50 (86%) presented TSDs. Owing to their very low 
abundance—and, therefore, low sequencing coverage—only three 
putative somatic insertions were detected by at least one RC-seq read 
at both termini. Two of these insertions (one L1 and one Alu) presented 
TSDs. Despite these and other data strongly supporting retrotransposi- 
tion as the main cause of somatic mobilization (Supplementary 
Results), an insufficient number of insertions were sequenced at both 
ends to determine whether target-primed reverse transcription or an 
alternative retrotransposition mechanism’* was primarily responsible. 

The somatic origin of each insertion was demonstrated by its pres- 
ence in one of the assayed brain tissues and its absence from the other, 
according to RC-seq and PCR results. As illustrative examples, an 
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Figure 3 | Characterization of non-reference genome insertions. 

a, Proportions of novel insertions found for each family. b, Annotation of novel 
L1 insertions (note logarithmic scale) across all brain libraries. The great 
majority of insertions detected by fewer than three reads could not be annotated 
and were considered putative somatic events. 
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intronic somatic L1 insertion in HDAC is detailed in Fig. 4a, b and an 
exonic somatic Alu insertion in RAIJ is shown in Fig. 4c, d. These 
experimental results indicated that insertions detected by RC-seq 
occurred in vivo and did not represent sequencing artefacts. 

Donor element annotation revealed that 80.2% of somatic L1 inser- 
tions corresponded to the most recently active human L1 subfamilies, 
Ll-Ta and pre-Ta (Supplementary Fig. 3a). The normalized 
hippocampus/caudate nucleus ratios for somatic L1 insertions were 
1.3, 0.5 and 2.2 for donors A, B and C, respectively, paralleling trends 
from the L1 CNV assay (Fig. 2). Protein-coding loci were dispropor- 
tionately affected (Supplementary Table 8) relative to random expecta- 
tion and prior germline frequencies (P < 0.0001 for exons and introns, 
7°-test). Pre-existing microarray expression data indicated that genes 
containing intronic L] insertions were twice as likely to be differentially 
overexpressed in the brain as would be randomly expected 
(P < 0.0001, 7’ -test). Key loci were found to contain somatic L1 inser- 
tions, including tumour suppressor genes deleted in neuroblastoma 
and glioma (for example CAMTA1), dopamine receptors (DRD3) and 
neurotransmitter transporters (SLC6A5, SLC6A6 and SLC6A9). 
Globally, a gene ontology analysis revealed enrichment for terms rel- 
evant to neurogenesis and synaptic function (Supplementary Table 9). 

Unlike that for L1, Alu retrotransposition has not previously been 
reported in normal brain cells. However, the L1 transposition 
machinery is known to trans-mobilize Alu (ref. 19) and 83.0% of the 
somatic Alu insertions corresponded to the AluY subfamily most active 
in the human germ line (Supplementary Fig. 3b), making the coincid- 
ence of somatic L1 and Alu mobilization plausible. On a per-element 
basis, the observed Alu activity was approximately 20-fold lower than 
that of L1 (Supplementary Results). Thus, it is unlikely that Alu CNV 
would be statistically significant if assayed by TaqMan quantita- 
tive PCR". The genomic patterns of Alu and L1 insertions were also 


different; somatic Alu insertions were not overrepresented in introns 
but were even more common than L1 in exons (Supplementary Table 
8). Alu exonization is a noted cause of genetic disease”. Overall, L1, Alu 
and, to a more limited extent, SVA mobilization produced a large 
number of insertions that affected protein-coding genes. 

Our results indicate that somatic L1 and Alu mobilization 
fundamentally alters the genetic landscape of the human brain, and 
that retrotransposition is the primary mechanism underlying this 
phenomenon. By contrast with germline activity*’®, somatic insertions 
disproportionately impacted protein-coding loci. Germline insertions 
are rarely found in regions where they generate a deleterious pheno- 
type because such mutations are strongly selected against during 
evolution. Somatic events, on the other hand, are present for one 
generation and may affect protein-coding loci in a specific environ- 
mental context, perhaps being drawn to open chromatin in transcribed 
regions’*. Apart from the obvious effects of exonic insertions, intronic 
events could act as subtle transcriptional ‘rheostats”? or as cis-regulatory 
elements” akin to the IAP insertion responsible for the viable yellow 
allele of the agouti gene in the mouse”. 

Several recent studies have catalogued retrotransposon insertions in 
the human germ line and tumours®*'*”***. Through RC-seq, we have 
extended these data to the brain and linked somatic retrotransposition 
to neurobiological genes. For instance, HDAC1 is a genome-wide 
transcriptional regulator that controls the canonical L1 promoter*” 
and is implicated in psychiatric disease and tumorigenesis”®. Another 
example highlighted here, RAI1, is a transcription factor highly 
expressed in the brain and previously linked with schizophrenia and 
Smith-Magenis syndrome”. An exonic Alu insertion in RAI] (Fig. 4c), 
could therefore have phenotypic consequences. 

The hippocampus seems to be predisposed to somatic L1 retrotran- 
sposition’®, which is intriguing given that its subgranular zone is a 
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Figure 4 | Discovery of somatic insertions in HDACI and RAII. 

a, Alignment of an RC-seq read (green) from donor C caudate nucleus 
indicated an antisense L1 insertion in intron 9 of HDACI. Nested PCR primers 
were designed to span the L1 5’ terminus, with an initial reaction combining 
outside retrotransposon primers (ORPs) and insertion site primers (OIPs) and 
a second reaction using inside retrotransposon primers (IRP) and insertion site 
primers (IIP). b, Amplification of the nested PCR target, confirmed for 
specificity by capillary sequencing, was achieved in caudate nucleus but not in 
hippocampus. Sequencing indicated that the L1 insertion mobilized from 
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chromosome 9 and was accompanied by 5’ transduction. bp, base pairs. 

c, Alignment of an RC-seq read pair from donor A caudate nucleus indicated a 
sense Alu insertion in exon 3, and the coding sequence, of RAII. d, As for 

b, amplification of the nested PCR target was achieved in caudate nucleus but 
not in hippocampus. Sequencing indicated that the Alu insertion mobilized 
from chromosome 4. We note that L1 and Alu elements in a and ¢ are not 
drawn to scale, that the L1 open reading frames in a are coloured in blue and 
that the untranslated regions of L1 and Alu are coloured in red. 
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main source of adult neurogenesis’*. This is also consistent with the 
hypothesis that L1 retrotransposition is related to neural plasticity’. 
Even more intriguing is the possibility that the APOBEC proteins, 
which are RNA/DNA-editing enzymes that have expanded under 
strong positive selection in the primate lineage and been shown to 
control L1 mobility, may modulate somatic retrotransposition in the 
brain”. 

Mutagenesis due to somatic retrotransposition has obvious tumori- 
genic potential” and may have a role in other diseases and biological 
processes. For example, deletion of the chromatin-remodelling HDAC1 
cofactor MECP2’** leads to increased L1 copy number and may inhibit 
neuronal maturation in Rett syndrome”. Somatic mosaicism could also 
bea factor in neurological dimorphisms seen among discordant mono- 
zygotic twins’*. Future studies may determine whether the overall fre- 
quency of somatic retrotransposition varies considerably between 
individuals, as suggested by our data and previous experiments”’, and 
between populations. Ultimately, direct identification of transcripts 
disrupted by somatic retrotransposition, together with its epigenetic 
regulation, may provide insights into the molecular processes under- 
lying human cognition, neurodevelopmental disorders and neoplastic 
transformation. 


METHODS SUMMARY 

Human DNA samples. Tissues were provided by the Netherlands Brain Bank, 
Amsterdam. They came from three post-mortem donors with no evidence of 
neurodegeneration. Pooled human genomic DNA was purchased from Promega. 
TaqMan quantitative PCR. Quantitative PCR experiments were performed with 
minor modifications to an earlier approach’®. Quantification included five tech- 
nical replicates. For each assay, the ratio of L1 ORF2 to «-satellite repeats was 
normalized to the ratio obtained for caudate nucleus. Ratios were compared across 
brain regions by repeated-measures one-way analysis of variance with Bonferroni 
correction. 

Retrotransposon capture array design. A NimbleGen Sequence Capture 2.1M 
Array was customized to contain oligonucleotide probes tiled across the termini of 
full-length L1, Alu and SVA retrotransposons, as well as LTRs intended to act as 
negative controls. Probes were not filtered for repetitiveness. Typically, eight 
probes were generated per L1 and SVA retrotransposon and per LTR, and four 
probes per Alu retrotransposon, with a total of 4,885 probes across 875 targeted 
elements. 

Capture library preparation and sequencing. DNA sequencing libraries were 
constructed using an Illumina paired-end kit with substantial modifications 
(Supplementary Methods). Genomic DNA (2.5 ug) was used for each RC-seq library. 
Amplification based on ligation-mediated PCR was performed before and after 
hybridization. The average insert size was ~250 nucelotides. Enrichment was con- 
firmed by quantitative PCR against Alu. Sequencing was performed by ARK- 
Genomics, The Roslin Institute, using an Illumina GAIIx instrument. 
Computational analyses. Paired-end RC-seq reads were mapped to human gen- 
ome assembly hg19 using SOAP2. Reads where both ends could be aligned to the 
genome, but not at the same locus, indicated novel retrotransposon insertions. 
These alignments were corroborated by BLAT, stringently filtered and clustered. 
Clusters were annotated using published retrotransposon databases*’®’” and the 
NCBI RefSeq database. 
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Commensal microbiota and myelin autoantigen 
cooperate to trigger autoimmune demyelination 
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Active multiple sclerosis lesions show inflammatory changes sug- 
gestive of a combined attack by autoreactive T and B lymphocytes 
against brain white matter’. These pathogenic immune cells derive 
from progenitors that are normal, innocuous components of the 
healthy immune repertoire but become autoaggressive upon patho- 
logical activation. The stimuli triggering this autoimmune conver- 
sion have been commonly attributed to environmental factors, in 
particular microbial infection’. However, using the relapsing- 
remitting mouse model of spontaneously developing experimental 
autoimmune encephalomyelitis’, here we show that the commensal 
gut flora—in the absence of pathogenic agents—is essential in trig- 
gering immune processes, leading to a relapsing-remitting auto- 
immune disease driven by myelin-specific CD4* T cells. We show 
further that recruitment and activation of autoantibody-producing 
B cells from the endogenous immune repertoire depends on avail- 
ability of the target autoantigen, myelin oligodendrocyte glyco- 
protein (MOG), and commensal microbiota. Our observations 
identify a sequence of events triggering organ-specific autoimmune 
disease and these processes may offer novel therapeutic targets. 

The relapsing-remitting (RR) mouse model uses transgenic SJL/J 
mice expressing, in a large proportion of their CD4* T cells, a trans- 
genic T-cell antigen receptor (TCR) recognizing MOG peptide 92-106 
in the context of MHC class II, I-A*. These mice spontaneously develop 
experimental autoimmune encephalomyelitis (EAE) with successive 
disease bouts that often affect different central nervous system (CNS) 
tissues. The disease is initiated by the transgenic CD4” T cells, which 
first infiltrate the CNS, and by MOG-autoantibody-producing B cells 
recruited from the natural immune repertoire’. 

Whereas in our facility close to 80% of RR mice developed spon- 
taneous EAE within 3-8 months of age, the rate was variable in other 
institutions, with spontaneous EAE incidences ranging from 35-90% 
(unpublished data). This recalled previous investigations that also 
observed that the frequency of spontaneous EAE in myelin-specific 
TCR transgenic mice varied in different breeding centres*. Because our 
mice were reared under specific pathogen-free (SPF) conditions, we 
tested the possible contributions of the non-pathogenic commensal 
flora to the triggering of a spontaneous CNS-specific autoimmune 
disease. 

We first compared the incidence of spontaneous EAE between RR 
mice housed under SPF and completely germ-free conditions. The 
differences were marked. Whereas, as reported before, most SPF-bred 
RR mice came down with EAE within 3-8 months’, germ-free RR mice 
remained fully protected throughout their life (Fig. 1a). As the com- 
mensal microbiota have a central function in driving the correct 
development of the immune system’, the absence of spontaneous 
EAE in germ-free RR mice may have reflected a general immune defi- 
ciency due to missing microbial stimuli. However, two observations 
argue against a profound and irreversible non-reactivity. First, RR mice, 
which had been germ free (and disease free) for 6-12 weeks, promptly 
developed EAE when re-colonized with conventional commensal 
microbiota (Fig. 1b). Mono-colonization with segmented filamentous 


bacteria (SFB), which restored autoimmunity in another mouse model, 
was of low efficiency (unpublished data). This suggests that the 
immune system of germ-free mice had grown efficient enough to 
mounta full autoimmune attack within a relatively brief period of time. 
Second, the basic immune competence of germ-free animals was con- 
firmed by active immunization of germ-free wild-type SJL/J mice with 
recombinant MOG (rMOG) in complete Freund’s adjuvant (CFA). In 
accord with one previous report®, although not with another more 
recent one’, all immunized germ-free mice developed EAE like their 
SPF counterparts, although with some delay (Fig. 1c), and transfer of 
pre-activated T cells induced comparable EAE in both germ-free and 
SPF mice (Supplementary Table 1). Moreover, germ-free and SPF SJL/J 
mice immunized with rMOG produced comparable levels of anti- 
MOG antibodies in their serum (Fig. 1d). 

Recent studies established that components of the commensal micro- 
biota profoundly shape the gut-associated lymphatic tissue (GALT), 
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Figure 1 | Commensal microbiota are required for the development of 
spontaneous EAE. a, Incidence of spontaneous EAE in a cohort of RR mice 
housed in germ-free (GF; n = 35) or SPF (n = 41) conditions. b, Incidence of 
spontaneous EAE in germ-free RR mice (n = 10) re-colonized with 
conventional flora from SPF mice. c, Delayed EAE onset in germ-free wild-type 
(GF WT) SJL/J mice immunized with rMOG/CFA. Mean EAE scores (= s.e.m.) 
of germ-free (n = 7) and SPF (n = 8) SJL/J mice are shown. *P < 0.05; 
**P < 0.01 (two-way ANOVA). d, Germ-free and SPF wild-type SJL/J mice 
produce similar levels of anti- MOG antibodies after immunization. Each circle 
represents an individual mouse and bars depict mean + s.e.m. Panels ¢ and 
d represent two individual experiments. 
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some supporting differentiation of interleukin (IL)-17-producing 
Tyl7 cells*"° and others the generation of regulatory T lymphocytes 
(Tyeg)'!”. We also found a marked deficit of Ty17-like cells in germ- 
free mice (Fig. 2a), which was most pronounced in T cells intimately 
connected to the intestinal wall, lamina propria T cells and in Peyer’s 
patch but not in mesenteric lymph node populations. There were no 
notable changes in remote organs, such as spleen or pooled inguinal 
and axillary lymph nodes (Fig. 2a). Frequencies of IFN-y-, TNF-o- and 
IL-10-producing CD4* T cells were comparable between germ-free 
and SPF RR mice (Fig. 2a and Supplementary Fig. 1). Apart from a 
minor increase in the frequency of CD4” T cells in the spleen of germ- 
free RR mice and a reduction of the T cells expressing lower levels of 
T-cell receptor (TCRof!”) (activated T cells) in the lamina propria 
(Supplementary Figs 2 and 3), the proportions of most lymphoid cell 
types examined, including Foxp3~ Treg cells, CD8* T cells, TCRy5~ 
cells, B cells, CD11b* macrophages, CD11c* dendritic cells, natural 
killer (NK) cells and Gr1* granulocytes were unchanged (Supplemen- 
tary Fig. 2). Of note, although in the spleen the microbial colonization 
status did not affect cellular composition, it definitely impinged on 
cytokine production of splenic immune cells. As in MOG-immunized 
germ-free C57BL/6 mice’, germ-free RR mouse spleen cells released 
lower levels of IL-17 than their SPF counterparts upon MOG antigen 
or anti-CD3 monoclonal antibody stimulation, and in addition they 
showed reduced secretion of IFN-y. Re-colonization of germ-free mice 
not only restored T-cell cytokine production capacity but even led to 
overshooting reactions (Supplementary Fig. 4). 

The commensal microbiota could act on MOG-specific T cells 
either via microbial structures mimicking MOG epitopes’’ or through 
innate immune signals creating a particular inflammatory milieu!" 
In an attempt to probe a potential MOG-specific mimicry response, we 
transferred carboxyfluorescein succinimidyl ester (CFSE)-labelled 
TCR transgenic or wild-type T cells into SPF wild-type mice and tested 
their proliferative responses in the gut. Proliferation rates of transgenic 
and polyspecific wild-type T cells in the GALT were equally high, 
whereas in the remote spleen of the same recipients the responses 
remained hardly detectable (Fig. 2b). Further, the microbial signals 
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seem to act persistently on local T cells. Transient depletion of gut 
flora by short-term antibiotic treatment significantly reduced the pro- 
liferation of T cells in the lamina propria, but not in spleen, pooled 
lymph nodes, mesenteric lymph nodes and Peyer’s patches (Sup- 
plementary Fig. 5). 

Activation of MOG-specific T cells in the GALT is necessary for the 
development of EAE in RR mice, but not sufficient. Full clinical EAE 
requires the participation of MOG-reactive B lymphocytes. We pro- 
posed that in RR mice, transgenic pathogenic T cells select the auto- 
immune B cells from the native B-cell repertoire and drive them to 
proliferate and release autoantibodies of IgG classes’. Indeed, we now 
found that germ-free RR mice, which, owing to missing microbial 
stimuli, lack activated autoimmune T cells, produced only low doses 
of anti-MOG autoantibodies. The autoantibody production was 
promptly increased in germ-free mice upon re-colonization (Fig. 3a). 
This response could involve antigenic mimicry at the B-cell level 
between MOG and epitopes on commensal microbes, reminiscent of 
Sydenham’s chorea—the CNS manifestation of rheumatic fever—in 
which streptococcal antigens mimic neuronal B-cell epitopes’. 
However, this was not the case in spontaneous RR mouse EAE. We 
discovered that production of demyelinating autoantibodies critically 
depended on the expression of the target myelin autoantigen, MOG. 
RR mice deficient in MOG (RR X MOG~'~), due to a transgenic 
mutation of the Mog gene", failed to develop anti- MOG autoantibody 
titres despite their normal microbial status (Fig. 3a). Importantly, our 
data show that exogenous MOG injected into SPF RR X MOG ‘~ 
mice via MOG in CFA readily induced anti-MOG antibodies 
(Supplementary Fig. 6). 

Recruitment and activation of antigen-specific B cells involves signals 
by local helper T cells and surrounding stroma cells, which together 
drive the resting B cell into a germinal centre, where it undergoes 
proliferation, immunoglobulin class switching and somatic hyper- 
mutation’’. Binding of the cognate antigen to the B-cell receptor has 
a central role in these processes. MOG-specific B cells could be 
recruited either in the CNS tissue via locally produced MOG material’®, 
or in CNS draining peripheral lymph nodes (deep cervical lymph 
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Figure 2 | Effect of microbiota on T-cell activation and their cytokine 
profiles in the GALT. a, Impaired T};17 differentiation in germ-free (GF) RR 
mice. Frequencies of IL-17- or IFN-y-producing T cells from the indicated 
organs of GF and SPF RR mice are shown. LP, lamina propria; mLN, mesenteric 
lymph nodes; pLN, pooled inguinal and axillary lymph nodes; PP, Peyer’s 
patches. n = 8-13 mice per group. Data were pooled from four independent 


experiments. ***P = 0.0002; **P = 0.0025 (Mann-Whitney U test). 

b, Activation of T cells by commensal flora. Shown are the frequencies of 
CFSE!” CD4* cells in the indicated organs of mice that received CFSE-labelled 
CD4* T cells. Each circle represents an individual mouse and bars depict 
mean + s.e.m. nm = 4-7 mice per group. Data represent two individual 
experiments. *P < 0.05 (Mann-Whitney U test). 
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nodes) with MOG imported from the CNS via lymphatic vessels’. Our 
observations favour the latter alternative. Prior to the onset of clinical 
symptoms in SPF RR mice we found some scattered B cells in CNS 
infiltrates (Supplementary Fig. 7) but no follicle-like aggregates or 
follicular markers (data not shown). However, there were conspicuous 
changes in the cervical lymph nodes. Starting from the age of 3 weeks, 
cervical lymph nodes contained clearly delineated germinal centres 
(Fig. 3b). Furthermore, germinal centres and increased frequencies 
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Figure 4 | MOG-specific B cells home to the germinal centre of brain 
draining cervical lymph nodes. a, Schematic representation of experimental 
set up. IHC, immunohistochemistry. b, MOG-specific B cells home to the 
germinal centre of brain draining cervical lymph nodes. PNA (blue; germinal 
centre) and B220 (red; B cells). Arrowheads indicate transferred GFP’ B cells. 
Dotted lines define boundaries of germinal centre. Representative staining of 
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Figure 3 | B-cell recruitment is impaired in germ-free RR mice. a, Reduced 
production of MOG-specific IgG2a antibodies in sera of germ-free (GF) RR 
mice. SPF (n = 15); germ-free (n = 24); germ-free mice re-colonized with 
conventional commensal microbiota (Ex-GF; n = 7); or SPE-MOG /~ 

(n = 13) RR mice. Error bars indicate s.e.m. ***P < 0.001 (Kruskal-Wallis 
test). b, c, Spontaneously formed germinal centre B cells are enriched in the 
cervical lymph nodes (cLN) of RR mice. b, Immunofluorescence staining of 
cervical lymph nodes or inguinal lymph node (iLN) sections of RR and NTL 
mice. Peanut agglutinin (PNA) (green; germinal centre), B220 (red; B cells) and 
4',6-diamidino-2-phenylindole (DAPI) (blue; cell nuclei). Representative data 
of 4-5 individual mice are shown. Scale bars, 100 um. c, Flow cytometric 
analysis of GL7* Fas” germinal centre B cells from spleen, cervical lymph 
nodes, inguinal lymph nodes and bone marrow (BM). Each circle represents an 
individual mouse and bars represent mean + s.e.m. nm = 5-10 per group. Data 
were pooled from three independent experiments. *P < 0.05 (Mann-Whitney 
U test). 


of GL7* and Fas" germinal centre B cells were restricted to cervical 
lymph nodes of RR mice, but were significantly reduced in age- 
matched germ-free and non-transgenic littermates (NTL) (Fig. 3b, c). 

Germinal centres are attractive milieus for B cells, provided they 
contain appropriate antigenic material and competent T-helper cells”. 
To investigate whether RR mouse cervical lymph nodes offer both 
prerequisites to MOG-reactive B cells, we transferred GFP-labelled, 
MOG-reactive B cells expressing the H chain of a MOG monoclonal 
antibody (IgH“°°)” into hosts with a distinct allotype and traced their 
homing behaviour (Fig. 4a). When examined 14 days after transfer, 
MOG-specific B cells were found densely packed within germinal 
centres of cervical lymph nodes (Fig. 4b). Further, donor IgH“°° B 
cells switched anti-MOG antibodies to IgG2a isotypes (Fig. 4c). 
However, GFP-labelled polyclonal wild-type B cells failed to accu- 
mulate in any of the lymph nodes of RR mice (Fig. 4b), and IgH“°° 
B cells neither homed to the cervical lymph nodes of wild-type or RR X 
MOG ‘~ mice (Fig. 4b and Supplementary Fig. 8) nor produced class- 
switched anti-MOG antibodies (Fig. 4c and Supplementary Fig. 8c). 
Collectively, these data indicate an ongoing MOG-specific germinal 
centre reaction, which is critically dependent on the expression of 
MOG, in the cervical lymph nodes of RR mice. 
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two independent experiments are shown. n = 4-5 mice per group. 
Magnification: X20. c, Transgenic MOG-specific B cells spontaneously switch 
isotype in RR but not in RR X MOG ‘~ mice. Titres of donor (a allotype) and 
recipient (b allotype) anti- MOG antibodies were measured. Error bars 
represent s.e.m. n = 4-5 mice per group. Data were pooled from three 
independent experiments. *P < 0.05 (Mann-Whitney U test). 
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This is the first report, to our knowledge, describing the sequential 
roles of the intact commensal gut flora and of myelin autoantigen in 
the initiation of a complex spontaneous demyelinating autoimmune 
disease. We propose a two-phase scenario that starts out in the GALT 
with expanding and activating CNS autoreactive T cells, which then 
recruit autoantibody-producing B cells. Together the autoimmune T 
and B cells trigger a demyelinating encephalomyelitis, which in the RR 
SJL/J mouse takes a relapsing-remitting course, very similar to early 
human multiple sclerosis. 

Our findings are of direct relevance to multiple sclerosis, the patho- 
genesis of which is presently hotly debated. Some propose primary 
changes in the CNS target as the initiating process”, whereas others 
suggest that pathogenesis originates in the immune system’. Our 
present data support the latter concept. It is tempting to extend our 
finding of the gut origin of experimental CNS autoimmunity to human 
multiple sclerosis. There is now emerging evidence implicating gut 
microbiota in the starting phase of human autoimmune diseases. 
Besides inflammatory bowel diseases, in which bacteria may act on 
local tissue directly as well as indirectly”, inflammatory diseases with 
remote tissues affected seem to be modulated by the gut environment; 
for example, in rheumatoid arthritis** and type 1 diabetes mellitus*®. In 
multiple sclerosis, evidence for commensal microbial contributions 
has remained less clear, so far. Dietary risk factors have been suggested 
to have a role’, and may contribute to a conspicuous increase of 
multiple sclerosis prevalence in Asian countries, like Japan, which 
has been ascribed to the spreading of a ‘westernized’ lifestyle”*. It will 
be of interest now to search for the composition of intestinal micro- 
biota associated with an increased susceptibility to multiple sclerosis, 
and this may provide a conceptual basis for exploring new, non-invasive 
treatment strategies. 


METHODS SUMMARY 

Mice. Germ-free animals were re-derived from SJL/J anti- MOG TCR transgenic 
RR mice and kept germ free at the animal facility of the Max Planck Institute of 
Immunobiology and Epigenetics. Mice were re-colonized by housing in bedding 
material pre-conditioned by SPF mice. 

Cell purification, flow cytometry and adoptive transfers. Single-cell suspensions 
were prepared from spleen, lymph nodes, Peyer’s patches and lamina propria by 
enzymatic digestion or mechanical disruption. Untouched T cells and B cells were 
purified using negative isolation kits (R&D Systems). Cells were stained with 
fluorochrome-labelled antibodies and acquired on FACSCalibur (BD 
Biosciences). Data were analysed using FlowJo (TreeStar) software. CFSE-labelled 
T cells or GFP™ B cells were injected intravenously into SPF mice. CFSE" T cells 
were quantified by FACS 3 days after transfer. Localization of GFP* B cells was 
documented by immunofluorescence after 2 weeks. 

Immunofluorescence. Sections of immune organs were stained with PNA (Vector 
Laboratories), anti-mouse B220 (BD Biosciences) and DAPI (Invitrogen). Images 
were obtained with a fluorescence microscope (Axiovert 200M; Carl Zeiss) and 
processed with MetaMorph 7.7 Software and Adobe Photoshop CS4. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice and colonization. Wild-type SJL/J, RR and RR X MOG~’~ SJL/J and 
IgHM°S X actin-GFP and actin-GFP SJL/J mice were bred at the animal facility 
of the Max Planck Institute of Neurobiology. Germ-free RR mice were obtained by 
transferring embryos, isolated by sterile hysterectomy on embryonic day (E) 18.5, 
to sterile breeding conditions and by fostering on germ-free foster mothers. They 
were bred and maintained in positive-pressure plastic isolators and provided with 
y-irradiated commercial rodent diet and autoclaved water at the animal facility of 
the Max Planck Institute of Immunobiology and Epigenetics. Fecal samples were 
routinely cultured in standard I-Bouillon and examined for contamination. In 
addition, mice from the colony were screened bi-annually according to FELASA 
health monitoring recommendations. For re-colonization experiments, germ-free 
mice were placed in cages with bedding material pre-conditioned by conventional 
(SPF) mice. All animal procedures were in accordance with the guidelines of the 
Committee on Animals of the Max Planck Institute of Neurobiology and with a 
license from the Regierung von Oberbayern. 

Active induction of EAE. Mice were immunized subcutaneously with 200 pg 
tMOG emulsified in Freund’s adjuvant supplemented with 5mgml ! 
Mycobacterium tuberculosis (strain H37Ra; Difco). On days 0 and 2 after immun- 
ization, 200 ng of pertussis toxin (List Biological Laboratories) were injected intra- 
peritoneally. Clinical scoring of EAE was done as published’. 

Antibiotic treatment. For short-term antibiotic treatment, 8-week-old wild-type 
SJL/J mice were treated for 7 days with 1 gl! of metronidazole (Sigma), 1 gl! of 
neomycin (Sigma) and 0.5 g1”' of vancomycin (AppliChem) in their drinking water. 
CFSE labelling and adoptive transfer. Splenocytes from RR or wild-type mice 
were labelled at 37 °C for 10 min with 5 uM CFSE (Invitrogen) in PBS containing 
1% fetal bovine serum (FBS). Cells were washed twice in ice-cold PBS and sub- 
sequently CD4* T cells were isolated using a mouse CD4* T-cell isolation kit 
(R&D Systems). 5 X 10° CFSE-labelled CD4* T cells were injected intravenously 
into wild-type SJL/J mice. 

B-cell isolation and adoptive transfer. B cells were isolated from spleens using a 
mouse B-cell isolation kit (R&D Systems). B cells were enriched to >90% purity, as 
confirmed by flow cytometry. 10 X 10° purified IgH“°°-GFP or wild-type-GFP 
B cells were intravenously injected into RR, wild-type or RR X MOG ‘~ mice. 
Proliferation assay. For the proliferation assay, 2 X 10° splenocytes were cultured 
in the presence of various concentrations of rMOG or anti-CD3 antibody (BD 
Pharmingen), as indicated. Proliferative response was measured by the incorpora- 
tion of [7H] -thymidine (1 [1Ci well” 1) during the last 16h of a 72 h culture period. 
Proliferation assays were performed in triplicates. 

Cell isolation and flow cytometry. Single-cell suspensions were prepared from 
spleen, pooled peripheral lymph nodes (axillary plus inguinal), or individual 
lymph nodes (cervical and inguinal), mesenteric lymph nodes or Peyer’s patches 
by mechanical disruption via forcing through 40-um cell strainers (BD 
Biosciences). For the isolation of lamina propria lymphocytes, small intestine 
was collected in ice-cold HBSS buffered with 15 mM HEPES. After careful removal 


of Peyer’s patches, fatty tissue and fecal contents, the intestine was opened 
longitudinally and cut into small pieces. The intestinal fragments were washed 
three times for 15 min with stirring (300 r.p.m.) in HBSS containing 5 mM EDTA, 
15mM HEPES and 10% FBS. Next, intestinal pieces were washed once for 5 min 
with stirring in RPMI containing 15 mM HEPES and 10% FBS, followed by an 
incubation step at 37 °C with stirring (500 r.p.m.) in RPMI with 15 mM HEPES, 
10% FBS and 100 U ml? Collagenase VII (Sigma). The digested tissue was washed 
once in RPMI with 15mM HEPES and 10% FBS, before the lamina propria 
lymphocytes were subjected to FACS analysis. CNS infiltrating cells were purified 
by Percoll gradient centrifugation as described’. For detection of cell surface 
markers, cells were stained in FACS buffer (PBS containing 1% BSA and 0.1% 
NaN;) with fluorochrome-labelled monoclonal antibodies: PerCP-conjugated 
anti-CD4 (RM4-5), PerCP-Cy5.5-conjugated anti-B220 (RA3-6B2), PE- and 
APC-conjugated anti-CD19 (1D3), APC-conjugated anti-CD8« (53-6.7), PE- 
conjugated anti-TCRyd (eBioGL3), PE-conjugated anti-CD11b (M1/70), 
APC-conjugated anti-NKp46 (29A1.4), FITC-conjugated anti-CD1lc (HL3), 
biotin-conjugated anti-Grl (RB6-8C5), FITC-conjugated anti-CD45.1 (A20), 
FITC-conjugated anti-VB4 (KT4), PE-conjugated anti-Vo8.3 (B21.14), 
FITC-conjugated anti-GL7, PE-conjugated anti-Fas (Jo2) and PE-conjugated 
streptavidin. For intracellular cytokine staining, cells were activated with 50 ng 
ml * PMA (Sigma) and 500 ng ml‘ ionomycin (Sigma) in the presence of 5 jig 
ml * brefeldin A (Sigma) for 4h at 37 °C. After surface staining, cells were fixed 
and permeabilized in 4% paraformaldehyde/0.1% saponin in HEPES-buffered 
HBSS and stained intracellularly using the following antibodies: PE-conjugated 
anti-IL17_ (TC11-18H10), APC-conjugated anti-IFN-y (XMG1.2), APC- 
conjugated anti-TNF-« (MP6-XT22), PE-conjugated anti-IL-10 (JES5-16E3) 
and APC-conjugated anti-FoxP3 (FJK-16 s). All antibodies were purchased from 
BD Pharmingen or eBioscience. Cells were acquired on a FACSCalibur (BD 
Biosciences) and analysis was performed using FlowJo (TreeStar) software. 
ELISA. Serum titres of anti-MOG antibodies were quantified as previously 
described*. Cytokine levels in cell culture supernatants were determined with 
antibody pairs for IFN-y (BD Biosciences) or IL-17 (eBioscience). 
Immunofluorescence. Organs were fixed in PBS with 4% paraformaldehyde and 
cryoprotected in PBS plus 30% sucrose before embedding in OCT medium (A. 
Hartenstein). Cryostat sections (10 jim in thickness) of spleen, lymph nodes and 
brains were fixed in acetone. Sections were blocked with PBS and 5% BSA before 
being stained in a humidified chamber. The following antibodies were used for 
staining: biotin-conjugated anti-CD4 (BD Pharmingen), purified anti-B220 (BD 
Pharmingen), biotin-conjugated PNA (Vector Laboratories), Alexa Fluor 568- 
conjugated anti-rat IgG (Invitrogen), Alexa Fluor 488-conjugated Streptavidin 
(Invitrogen), APC-conjugated streptavidin (eBioscience) and DAPI (Invitrogen). 
Images were obtained with a fluorescence microscope (Axiovert 200M; Carl Zeiss) 
and processed with MetaMorph 7.7 Software and Adobe Photoshop CS4. 
Statistical analysis. GraphPad Prism 5 (GraphPad Software) was used for all 
statistical analysis. P values <0.05 were considered to be significant. 
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Dendritic cells control lymphocyte entry to lymph 
nodes through high endothelial venules 


Christine Moussion!? & Jean-Philippe Girard’? 


While patrolling the body in search of foreign antigens, naive 
lymphocytes continuously circulate from the blood, through the 
lymph nodes, into the lymphatic vessels and back to the blood’. 
This process, called lymphocyte recirculation, provides the body 
with effective immune surveillance for foreign invaders and for 
alterations to the body’s own cells. However, the mechanisms that 
regulate lymphocyte recirculation during homeostasis remain 
incompletely characterized. Here we show that dendritic cells 
(DCs), which are well known for their role in antigen presentation 
to T lymphocytes’, control the entry of naive lymphocytes to lymph 
nodes by modulating the phenotype of high endothelial venules 
(HEVs), which are blood vessels specialized in lymphocyte recruit- 
ment”*°, We found that in vivo depletion of CD11c* DCs in adult 
mice over a 1-week period induces a reduction in the size and 
cellularity of the peripheral and mucosal lymph nodes. In the 
absence of DCs, the mature adult HEV phenotype reverts to an 
immature neonatal phenotype, and HEV-mediated lymphocyte 
recruitment to lymph nodes is inhibited. Co-culture experiments 
showed that the effect of DCs on HEV endothelial cells is direct and 
requires lymphotoxin-f-receptor-dependent signalling. DCs express 
lymphotoxin, and DC-derived lymphotoxin is important for 
lymphocyte homing to lymph nodes in vivo. Together, our results 
reveal a previously unsuspected role for DCs in the regulation of 
lymphocyte recirculation during immune surveillance. 
Lymphocyte entry to lymph nodes is initiated by the lymphocyte 
homing receptor L-selectin, which mediates lymphocyte rolling along 
HEV walls**°. In contrast to the endothelium that lines other vessels, 
HEV endothelial cells in lymph nodes have a plump, almost cuboidal 
morphology*”, and they express high levels of sulphated carbohydrate 
ligands for L-selectin, which are recognized by the monoclonal 
antibody MECA-79 (refs 6-9) and are synthesized by the HEV-specific 
enzymes GlcNAc6ST-2 (a sulphotransferase)*’ and FucT-VII (a 
fucosyltransferase)’®. Studies carried out in rodents have shown that, 
when the peripheral lymph nodes (PLNs) are deprived of afferent 
lymph, the HEVs lose their characteristics and their ability to support 
lymphocyte traffic'''*. Together with data obtained from human 
studies!°, these results indicate that the lymphoid tissue microenviron- 
ment is crucial for the maintenance of HEV characteristics during 
homeostasis*’*. However, the cell types involved have not been defined. 
To address the potential role of DCs in the maintenance of HEVs, 
we took advantage of the CD11c-diphtheria toxin receptor (Cd11c- 
DTR) transgenic mouse model’*®, which allows in vivo depletion of 
CD11c* DCs in adult mice after treatment with diphtheria toxin 
(DTX). Because downregulation of the HEV phenotype occurs 1 week 
after occlusion of the afferent lymphatics’’, we decided to deplete the 
DCs over 1 week by injecting DTX every 2 days (Fig. la and 
Supplementary Fig. 1). After 8 days of DC depletion, we observed a 
reduction in the size and cellularity of all lymph nodes that were 
analysed, with the most striking effects in the PLNs (the brachial 
and inguinal lymph nodes) and the mesenteric lymph nodes 
(Fig. 1b). By contrast, the number of leukocytes and lymphocytes in 


the blood was not significantly altered by DC depletion (Supplemen- 
tary Fig. 2). We observed weight loss after repeated DTX treatment of 
Cd1lc-DTR mice (Supplementary Fig. 3a), as previously reported’*””. 
These deleterious effects of DTX are thought to result from the 
expression of the DTR on non-haematopoietic radioresistant cells’’. 
To confirm our initial observations, we therefore generated bone 
marrow chimaeras in which Cd1lc-DTR expression was restricted to 
the haematopoietic compartment”. Lethally irradiated wild-type mice 
were reconstituted with bone marrow from Cd1lc-DTR transgenic 
mice, and 3 months later, they were treated with DTX for 10 days, 
without any adverse side effects (Supplementary Fig. 3a). The total 
cellularity in the lymph nodes was reduced in DTX-treated chimaeric 
mice, whereas the cellularity in the Peyer’s patches and the spleen was 
not affected (Fig. 1c). By contrast, we observed no significant changes 
in the cellularity of the lymph nodes after prolonged DTX treatment 
of lethally irradiated Cdllc-DTR transgenic mice that had been 
reconstituted with wild-type bone marrow (Supplementary Fig. 3b, 
c), despite these mice rapidly succumbing to weight loss and death, 
as previously described”. 

To determine whether the reduced cellularity in the absence of DCs 
results from inhibition of lymphocyte entry to lymph nodes, we next 
performed short-term homing assays. The homing of lymphocytes 
from the blood to the PLNs and mucosal lymph nodes was strongly 
reduced in DTX-treated Cdllc-DTR transgenic and chimaeric mice 
compared with PBS-treated mice (Fig. 1d-f). The effects of DC deple- 
tion on lymphocyte homing and lymph node cellularity in Cd11c-DTR 
chimaeric mice were completely reversible after DTX injections were 
stopped (Supplementary Fig. 4). In addition, we found that adoptive 
transfer of wild-type, bone-marrow-derived CD11c* DCs (wild-type 
BMDCs; Supplementary Fig. 5) to DTX-treated Cdllc-DTR trans- 
genic mice could recover the normal cellularity of, and the homing 
of naive lymphocytes to, the draining lymph nodes (Fig. 1g, h). The 
adoptively transferred CD11c* BMDCs were located around HEVs 
expressing antigens recognized by MECA-79 (denoted MECA-79* 
HEVs) in the draining lymph nodes (Fig. 1i), and Cer7‘~ BMDCs 
had a lower capacity than wild-type BMDCs to recover lymph node 
cellularity and homing to lymph nodes (Supplementary Fig. 5). 
Together, these results indicate that CD11c* DCs are essential for 
lymphocyte homing to lymph nodes (Supplementary Discussion). 

We next analysed the HEV phenotype and observed a marked down- 
regulation of HEV-specific markers (FucT-VII, GlcNAc6ST-2 and the 
L-selectin counter receptor GLYCAM1 (ref. 6), as well as MECA-79 
antigens) in the PLNs of DC-depleted mice (Fig. 2a and Supplemen- 
tary Fig. 6). By contrast, the expression of pan-endothelial cell markers, 
such as CD31 (also known as PECAM1), was unaffected (Fig. 2a). 
Strikingly, the expression of MADCAM1, a marker of immature 
neonatal HEVs’’, was induced on the blood vessels in the inguinal lymph 
nodes of DC-depleted mice (Fig. 2a). Thus, in vivo depletion of CD11c* 
DCs induces specific changes in HEV phenotype, with a reversion from 
the mature adult HEV phenotype (MECA-79"GLYCAM1"FucT- 
VII"GlcNAc6ST-2""MADCAM1°) to the immature HEV phenotype 
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(MECA-79'°GLYCAM1'°FucT-VII'°GIcNAc6ST-2'""MADCAM1"), 
which is found in PLNs at birth’*’*"* or after the occlusion of the 
afferent lymphatics'*"™*. 

To determine whether the changes in HEV phenotype occur at the 
RNA level, we purified MECA-79'CD31 HEV and MECA- 
79 CD31* non-HEV endothelial cells from the PLNs of Cd1Ic- 
DTR transgenic mice that had been treated with DTX or PBS 
(Supplementary Fig. 7). Although the percentage of MECA-79° cells 
in the CD31* endothelial cell population was halved after DTX treat- 
ment, and the intensity of MECA-79 staining on the remaining 
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Figure 1 |CD11c* DCs are required for lymphocyte homing to lymph 
nodes. a-f, Depletion of CD1 1c’ DCs in Cdllc-DTR transgenic mice 

(a, b, d, e) or in Cd11c-DTR bone marrow chimaeras (c, f) reduces DC numbers 
(a), lymph node cellularity (b, c) and lymphocyte homing (d-f) in PLNs (the 
brachial and inguinal lymph nodes) and mucosal lymph nodes (the cervical and 
mesenteric lymph nodes (MLNs)). Lymphocyte homing was examined by 
immunofluorescence staining (d, shown is a PLN section with lymphocytes 
labelled with CFSE and blood vessels labelled with CD31) and by flow 
cytometry (e, f). (a, b, n = 7-11, four experiments; c, f, n = 4-8, three 
experiments; d, e, n = 4, two experiments.) g-i, Adoptive transfer of BMDCs 
restores cellularity (g) and homing (h, i) to the draining (inguinal) lymph nodes 
of DTX-treated Cd11c-DTR transgenic mice (n = 4 per group). a-c, e-h, Error 
bars, s.e.m.; *, P< 0.05; **, P< 0.01; ***, P<0.001. d, i, Scale bar, 100 tum. 
DAPI, 4',6-diamidino-2-phenylindole; PP, Peyer’s patch. 


MECA-79* cells was also reduced (by ~75%), it was nevertheless 
possible to isolate these cells by flow cytometry. Analysis of HEV- 
specific gene expression by reverse transcription followed by quanti- 
tative PCR (RT-qPCR) showed that expression of the HEV-specific 
genes Glycam1, FucT- VII (also known as Fut7) and GlcNAc6ST2 (also 
known as Chst4) was strongly reduced after DTX treatment, whereas 
the expression of the genes encoding the pan-endothelial cell markers 
CD31 and VE-cadherin was not downregulated after depletion of DCs 
(Fig. 2b). The expression of several other genes involved in the multi- 
step lymphocyte adhesion cascade (Ccl21, Icam1, Cxcl13 and Vcam1) 
was also not altered in DC-depleted mice (Supplementary Fig. 8). 
Therefore, CD11c* DCs are essential for the maintenance of HEV- 
specific gene expression. 

We then analysed lymphocyte-HEV interactions in the inguinal 
lymph nodes from Cdllc-DTR chimaeric mice by using intravital 
microscopy. As previously described’’, the HEV phenotype is found 
only in venular orders III to V (Fig. 3a), which support the bulk of 
lymphocyte trafficking to lymph nodes. The rolling fraction of wild- 
type lymphocytes in venular orders II to V was not significantly dif- 
ferent between Cd11c-DTR chimaeric mice that had been treated with 
DTX and those treated with PBS (Fig. 3b). However, the fraction of 
lymphocytes that transitioned from primary rolling to secondary firm 
adhesion (the sticking fraction) was markedly decreased in HEVs 
(orders III to V) from DC-depleted mice (Fig. 3c). In addition, the 
rolling velocity of lymphocytes in HEVs was significantly increased 
(Fig. 3d, e). For instance, the median rolling velocity of lymphocytes in 
order IV HEVs increased from 20ms ‘ in PBS-treated mice to 
92 um s | in DTX-treated mice. Thus, in vivo depletion of CD11c* 
DCs in Cd11c-DTR chimaeric mice elicited considerable alterations in 
lymphocyte rolling velocity and lymphocyte sticking inside lymph 
node HEVs. 

An important question raised by our observations is whether 
CD11c* DCs regulate HEV phenotype directly or through other cell 
types that are found in the lymph nodes. Analyses in Rag2'~ mice 
and Rag2-'~ Cd1lc-DTR transgenic mice showed that lymphocytes 
are not essential for the homeostatic maintenance of HEV phenotype 
and that the effects of CD11c DCs on lymphocyte homing occur in 
the absence of T and B lymphocytes (Supplementary Fig. 9). Therefore, 
we next considered the possibility that DCs, which are strategically 
positioned close to HEV walls in vivo”*', may regulate HEV phenotype 
directly. We developed a co-culture model of MECA-79* CD31" HEV 
endothelial cells with CD11c*MHC class II* DCs (Fig. 4a), both of 
which were isolated from the PLNs of wild-type mice (Supplementary 
Fig. 10). 

Setting up the culture conditions for the purified HEV endothelial 
cells turned out to be technically challenging because these cells were 
available in a limited quantity (constituting 0.02% of total lymph node 
cells) and nothing was known about the conditions required to maintain 
the cells ex vivo. We eventually found that culture of the purified HEV 
endothelial cells on plates coated with fibronectin and type I collagen in 
an appropriate endothelial/DC culture medium allowed the survival of 
the cells ex vivo for at least 12 days. However, HEV-specific gene 
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Figure 2 | CD11c* DCs are essential for the homeostatic maintenance of 
HEV phenotype. a, PLN sections from control mice (control) or Cd11c-DTR 
transgenic mice (DTX) treated with DTX for 8 days were stained with MECA-79 
or antibodies specific for the indicated proteins (left). Quantitative image 
analysis of the immunofluorescence staining is also shown (right). Scale bar, 
100 1m. b, qPCR analysis was performed using total RNA from HEV endothelial 
cells (HEV) and non-HEV endothelial cells (Endo) that were sorted by flow 
cytometry after isolation from DTX-treated or PBS-treated Cd11c-DTR 
transgenic mice. The mean and s.d. from triplicate qPCR runs are plotted. Data 
are representative of three independent experiments. *, P < 0.05; ***, P< 0.001. 


expression (as determined by measuring the levels of Glycam1 
messenger RNA) was strongly reduced when HEV endothelial cells 
were grown alone ex vivo (Fig. 4b). Strikingly, when MECA-79* HEV 
endothelial cells were co-cultured with CD11c* DCs purified from 
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Figure 3 | CD11c* DCs control the rolling velocity and firm adhesion of 
lymphocytes inside PLN HEVs. a, Visualization of the inguinal lymph node 
microcirculation by intravital microscopy. b-e, The rolling fraction 

(b), sticking fraction (c) and cumulative rolling velocities (d, e) of fluorescently 
labelled wild-type lymphocytes were determined in the indicated venules. Data 
were collected from three DTX- and three PBS-treated Cdl1c-DTR bone 
marrow chimaeras. d, e, Data represent the percentages of cells rolling at or 
below a given velocity (V,.y). The median V,,y in order III venules was 
62.5ums | in PBS-treated chimaeras and 129.6 ums‘ in DTX-treated 
chimaeras (d). The median V,,) in order IV venules was 20.3 pms * in PBS- 
treated chimaeras and 92.9 um s ' in DTX-treated chimaeras (e). (d, PBS, 

n = 22 cells, 5 venules and 3 mice; DTX, n = 20 cells, 6 venules and 3 mice; 
e, PBS, n = 12 cells, 4 venules and 3 mice; DTX, n = 22 cells, 10 venules and 3 
mice.) Error bars, s.e.m. *, P< 0.05; ***, P< 0.001. 


wild-type mice, Glycam1 mRNA levels were maintained at levels 
similar to those found in HEVs that were freshly purified from the 
PLNs (Fig. 4b and Supplementary Fig. 11), indicating that CD11c* 
DCs regulate HEV phenotype directly. FucT-VII and GlcNAc6ST-2 
mRNA levels could not be quantified in these experiments, probably 
because our qPCR assay was not sensitive enough or because all of the 
properties of HEVs may not be maintained in the co-cultures. 

The lymphotoxin-§ receptor (LT-BR), which is expressed on 
HEV endothelial cells”?, has been shown to have a crucial role in the 
homeostatic maintenance of HEVs”’, so we tested the possibility that 
this receptor may be involved in the cross-talk between HEV endothelial 
cells and CD11c* DCs. We found that interrupting LT-BR signalling 
through the addition of LT-BR-immunoglobulin soluble inhibitor 
(but not control Fc-immunoglobulin) to the co-cultures abrogated 
the enhancing effect of CD11c* DCs on Glycam1 expression ex vivo 
(Fig. 4c and Supplementary Fig. 11). CD11c* DCs isolated from the 
PLNs (Supplementary Fig. 10) or the spleen expressed transcripts 
encoding the LT-BR ligands lymphotoxin-x (LT-«), LT-B and 
LIGHT (Fig. 4d, e), and the expression levels of these ligands were 
higher in CD11c"MHC class If" DCs (classical DCs (cDCs); the 
major population depleted in Cdllc-DTR transgenic mice) than in 
CD11c™*MHC class II"! DCs (migratory DCs (mDCs)) (Fig. 4d). 
Interestingly, the expression levels of LT-«- and LT-B-encoding tran- 
scripts (Lta and Ltb mRNA) in DCs were similar to those of naive B 
cells from PLNs (Fig. 4e), and such levels are sufficient for the 
maintenance of follicular DC networks in the lymph nodes*. The 
expression levels of Lta and Ltb in DCs may thus be appropriate for 
homeostatic maintenance of HEVs. 
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Figure 4 | DC-derived LT is important for lymphocyte homing to lymph 


nodes in vivo. a, Immunofluorescence staining of HEVs (MECA-79 staining) 
co-cultured with DCs. Scale bar, 10 im. b-e, qPCR analysis of Glycam1 

(b, c), Lta, Ltb and Light (d, e) mRNA levels. Mean and s.d. from triplicate 
qPCR runs are plotted (b-e). D, day; Endo, non-HEV endothelial cells; 
HEV+3DC (Endo+ 3DC), the number of DCs in the co-cultures was threefold 
the number of HEV (Endo) endothelial cells. f-h, Analysis of Cd11c-DTR/ 
Lt!” and Cd11c-DTR/Lt*'* chimaeric mice (f). Lethally irradiated wild-type 
(WT) mice were reconstituted with the indicated bone marrow mixture 
(dashed boxes). Cellularity in (g) and lymphocyte homing to (h) lymph nodes 
were determined by flow cytometry after 10 days of DTX treatment (n = 4 mice 
per group). Data are representative of two independent experiments. 

b-e, g, h, Error bars, s.e.m. *, P< 0.05; **, P< 0.01; ***, P< 0.001. 


To examine the potential role of DC-derived LT in vivo, we generated 
mixed bone marrow chimaeras by reconstituting lethally irradiated 
wild-type mice with 50% bone marrow from Cd11c-DTR transgenic 
mice and 50% bone marrow from Lta-deficient (denoted Lt’) or 
wild-type (Lt*’*) mice (Fig. 4f). Injection of DTX into the Cd11c- 
DTR/Lt '~ or Cdllc-DTR/Lt*'* chimaeric mice induced depletion 

of Lt'/* DCs harbouring the Cd11c-DTR transgene but spared non- 
transgenic Lt’ and Lt*’* DCs (Supplementary Fig. 12). The 
cellularity of the PLNs and cervical lymph nodes and lymphocyte 
homing to these lymph nodes (Fig. 4g, h), but not to the Peyer’s patches 
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and the spleen (Supplementary Fig. 12), were significantly reduced in 
DTX-treated Cd1lc-DTR/Lt ' chimaeric mice (which retained only 
LT-deficient CD11c* DCs) compared with DTX-treated Cd11c-DTR/ 
Lt*’* chimaeric mice. DC-derived LT is thus important in vivo for 
HEV-mediated lymphocyte recruitment to lymph nodes. 

In conclusion, our findings uncover a previously unsuspected and 
important function of DCs in the control of HEV phenotype and 
lymphocyte entry to lymph nodes during homeostasis in adult mice. 
DCs thus have a dual role; they function as antigen-presenting cells’, 
but they also regulate lymphocyte recirculation to ensure that the 
appropriate lymphocytes will come into contact with their cognate 
antigens. The role of DCs in the maintenance of blood vessel phenotype 
is reminiscent of the role of astrocytes in the brain***. However, 
astrocytes induce blood-brain barrier characteristics that limit the 
entry of molecules and cells (including lymphocytes) to the brain, 
whereas DCs regulate HEV characteristics that allow lymphocyte 
entry to lymph nodes. The development of HEVs is observed in many 
chronic inflammatory diseases*, and CDllc* DCs from inflamed 
tissues produce LT”®*” and regulate HEV angiogenesis”. A better 
understanding of the cross-talk between DCs and HEVs may thus 
provide a basis for novel approaches to control the development of 
HEVs in clinical situations. 


METHODS SUMMARY 


Cdllc-DTR mice (B6.FVB-Tg!8* OT R/EGEP.S77 an/J) were purchased from the 
EMMA European network, and C57BL/6 mice were purchased from Charles 
River Laboratories. C57BL/6:Lt ‘~ mice were provided by H. Korner and S. A. 
Nedospasov. For bone marrow chimaeras, a single-cell suspension generated from 
the flushed bone marrow of femurs and tibias was injected intravenously into mice 
that had been irradiated with 900 rad. Chimaeras were incubated for at least 
12 weeks before use. All mice were handled according to institutional guidelines 
under protocols approved by the Institut de Pharmacologie et de Biologie 
Structurale and Région Midi-Pyrénées animal care committees. For DC depletion, 
mice were treated with DTX (Sigma), which was administered intraperitoneally at 
6 ng per gram (body weight) every two days. BMDCs were generated in medium 
containing mouse GM-CSF, as described previously”, and then treated with 
lipopolysaccharide and injected subcutaneously into recipient mice every 
2 days. Homing assays and intravital microscopy analyses with fluorescent 
lymphocytes were performed as previously described'*”®. Immunofluorescence 
staining was performed on Bouin-fixed, paraffin-embedded or cryopreserved 
mouse lymph node sections. HEV endothelial cells (CD45- CD31 * MECA-79*) 
and non-HEV endothelial cells (CD45 CD31*MECA-79_ ) were isolated from 
lymph node stromal-cell suspensions (using pooled PLNs from 5-20 mice) by flow 
cytometry using a FACSAria II cell sorter. CD11¢" MHC class II* wild-type DCs 
were sorted from non-adherent cells in the same pool of PLN cells. For co-culture 
assays, sorted cells were seeded in 96-well tissue culture plates coated with rat 
fibronectin, type I collagen and gelatine (Sigma) and were grown ex vivo for 11-12 
days in endothelial/DC culture medium. LT-BR-immunoglobulin fusion protein 
(5g ml *; R&D Systems) or control human Fc-immunoglobulin was added to 
the co-cultures every 2 days. qPCR was performed as described previously”. 
Statistical analysis was performed using the Mann-Whitney test (for lymph node 
cellularity and velocity histograms) or an unpaired Student’s t-test (for homing 
assays, and rolling and sticking fractions). Differences were considered statistically 
significant when P < 0.05. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice. C57BL/6 wild type mice were purchased from Charles River Laboratories, 
and Cdllc-DTR transgenic mice (B6.FVB-Tg!8e PT R/EGEPS7] an iq)! were pur- 
chased from the EMMA European network. Cd11c-DTR mice were maintained 
on the C57BL/6 and C57BL/6:Rag2 ‘~ genetic backgrounds. All CD11c-DTR 
transgenic mice used in this study were heterozygous transgenic. C57BL/ 
6:Lt ‘~ mice*!? were provided by H. Korner and S. A. Nedospasov. C57BL/ 
6:Cd45.1 and C57BL/6:Rag2 / ~ mice were obtained from O. Lantz, and C57BL/ 
6:Ccr7 '~ mice were obtained from M. Lipp and E. Donnadieu. All mice were bred 
under specific-pathogen-free conditions and handled according to institutional 
guidelines under protocols approved by the Institut de Pharmacologie et de 
Biologie Structurale and Région Midi-Pyrénées animal care committees. 

Bone marrow chimaeras. A single-cell suspension generated from the flushed bone 
marrow of femurs and tibias from donor mice was injected intravenously into mice 
that had been irradiated with 900 rad. Chimaeras were incubated for at least 12 weeks 
before use. Mixed bone marrow chimaeras* were generated by transferring a 
mixture of 50% bone marrow from CdlIc-DTR transgenic mice and 50% bone 
marrow from Lt*/* or Lt/~ mice into lethally irradiated wild-type recipient mice. 
Depletion of CD11c* DCs. For systemic DC depletion, mice were given DTX 
(Sigma) intraperitoneally at a dose of 6 ng per gram (body weight) every two days. 
As controls, mice received intraperitoneal injections of PBS vehicle. Cd11c-DTR 
transgenic and chimaeric mice were treated with DTX or PBS for 8 and 10 days, 
respectively. To evaluate the efficacy of DC depletion, spleens and lymph nodes 
were analysed by flow cytometry for the presence of CD1lc*GEFP* cells or 
CD11c* MHC class II* cells. 

Analysis of blood and lymph nodes. Peripheral blood was obtained by cardiac 
puncture and was stored in EDTA-containing tubes at 4°C until analysis with an 
automated haematological analyser (Sysmex XT 2000i). Freshly isolated mucosal 
lymph nodes (three cervical and one mesenteric) and PLNs (one inguinal and one 
brachial) were digested with type D collagenase (Roche laboratories), and single- 
cell suspensions were counted (size >7 tm) with a Z1 Particle Counter (Beckman 
Coulter). 

Analysis of surface markers. The following monoclonal antibodies for cell 
surface staining were purchased from BD Biosciences: anti-CD11c (HL3), anti- 
CD45.1 (A20), anti-CD45.2 (104), anti-Grl (RB6-8C5), anti-CD3 molecular 
complex (17A2) and anti-CD19 (1D3) antibodies. The following monoclonal 
antibodies were purchased from eBioscience: anti-CD1lc (N418) and anti- 
MHC class II (I-A/I-E) (M5/114.15.2) antibodies. After a 20-min blocking step 
on ice (in PBS containing 1% FCS, 5% normal mouse serum, 5 mM EDTA, 0.1% 
NaN3, 5 lg ml ' anti-CD16/CD32 (2.4G2, BD Biosciences)), cells were incubated 
with conjugated antibodies (conjugates were FITC, Alexa 488, PE, PE-Cy7, Alexa 
700, biotin or APC) diluted in FACS buffer (PBS containing 1% FCS, 5 mM EDTA 
and 0.1% NaN). When biotinylated monoclonal antibodies were used, cells were 
incubated with APC- or PE-Cy7-conjugated streptavidin (BD Biosciences). Flow 
cytometry analyses were performed on a FACSCalibur or an LSRII flow cytometer 
(BD Biosciences). 

Immunofluorescence staining. Immunofluorescence staining was performed on 
5 um sections from Bouin-fixed, paraffin-embedded or cryopreserved mouse 
lymph nodes, as described previously”, using the following primary antibodies: 
the rat monoclonal antibodies MECA-79 (ATCC) and MECA-367 (anti- 
MADCAM1, Pharmingen; for cryosections); rabbit polyclonal antibodies against 
CD31 (Abcam), GLYCAM1 (CAM02; provided by S. D. Rosen), GlcNAc6ST-2 
(GST-3, provided by S. D. Rosen) and FucT-VII (provided by J. B. Lowe). For 
quantitative image analysis of the immunofluorescence staining, lymph node 
sections were immunostained in parallel using the same dilutions of antibodies 
and reagents, and fluorescent images, which were captured using identical 
exposure times and settings, were analysed with ImageJ software, as described 
previously”. 

In vivo homing assays. A single-cell suspension of naive lymphocytes was pre- 
pared from a pool of spleen (after lysis of the red blood cells in ammonium 
chloride, potassium bicarbonate and EDTA) and PLNs from C57BL/6 mice. 
Lymphocytes labelled with CFSE (Molecular Probes, Invitrogen) were injected 
intravenously into recipient mice. The number of fluorescent cells recruited to 
each lymph node was determined 4h after injection, by flow cytometry or by 
fluorescence microscopy, as described previously”. 

Adoptive transfer of BMDCs. BMDCs were generated in medium containing 
mouse GM-CSF, as described previously”. BMDCs were then incubated with 
0.5 ug ml’ lipopolysaccharide (Sigma-Aldrich) for 1h at 37 °C, washed, labelled 
with CMTMR (Molecular Probes, Invitrogen) and injected (5 x 10° cells per 
mouse) into two subcutaneous sites (the footpad and thigh). Cells were injected 
every 2 days at the time of intraperitoneal DTX injection, for 8 days (a total of 
2 X 10’ BMDCs per mouse). In some experiments, BMDCs were prepared in the 
absence of lipopolysaccharide (Supplementary Fig. 5d, e). 
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Intravital microscopy. Intravital microscopy was performed as described previ- 
ously'’°**’, Naive lymphocytes labelled with calcein (Molecular Probes, 
Invitrogen) were injected into the right femoral artery, and cell behaviour in lymph 
node venules was assessed as described previously’. To determine the rolling 
fractions (the percentage of rolling cells in the total flux of cells in each venule) 
and the sticking fractions (the percentage of rolling cells that subsequently arrested 
for >30 s), the data were generated from three DTX-treated Cd11c-DTR chimaeric 
mice (number of venules analysed/venular order: 2/II, 4/III, 8/IV and 16/V) and 
three PBS-treated Cdllc-DTR chimaeric mice (number of venules analysed/ 
venular order: 2/II, 3/II, 5/IV and 7/V) (with DTX and PBS treatment for 10 
days). In some experiments, Alexa-488-conjugated MECA-79 monoclonal 
antibody (Molecular probes A488 labelling kit) was injected intravenously to 
visualize the HEV network. 

Isolation of HEV endothelial cells and CD11c*MHC class II* DCs from 
PLNs. PLNs were pooled and gently squeezed, and the non-adherent cells were 
washed out. The stromal elements were digested with type II collagenase (Gibco) 
for 1h at 37°C, and the single-cell suspensions obtained were passed through a 
40 um cell strainer (BD Biosciences) and stained with anti-CD45 (30-Fl1, BD 
Biosciences), anti-CD31 (MEC13.3, BD Biosciences) and MECA-79 monoclonal 
antibodies for 1 hat 4 °C. In some experiments, one round of CD45“ cell depletion 
with Dynabeads was performed. HEV endothelial cells (CD45 CD31* MECA- 
79") andnon-HEV endothelial cells (CD45 CD31* MECA-79_ ) were isolated by 
cell sorting using a FACSAria II cell sorter (BD Biosciences). CD11¢* MHC class 
II* wild-type DCs, CD11c%MHC class I™°* DCs (classical DCs (cDCs)) and 
CD11c™ “MHC class II"! DCs (migratory DCs (mDCs)) were sorted from non- 
adherent cells from the same PLNs. Anti-rat/hamster Igk chain compensation 
particles (BD CompBeads, BD Biosciences), single stained with each of the 
antibodies, were used as compensation controls. 

Co-culture assays. Sorted cells were seeded in 96-well tissue culture plates coated 
with rat fibronectin (Sigma) and type I collagen (Sigma) in 0.2% gelatine (Sigma). 
Cells were grown ex vivo for 11-12 days in endothelial/DC culture medium: a 
mixture of 50% BD Endothelial Cell Culture Medium and 50% RPMI-1640 sup- 
plemented with 1X Endothelial Cell Growth Supplement (ECGS, BD Biosciences), 
1X epidermal growth factor (EGF, BD Biosciences), 15% FCS, 8% mouse serum, 
L-glutamine, non-essential amino acids, penicillin/streptomycin (Invitrogen), 
10 ng ml! recombinant mouse GM-CSF (tebu-bio) and 2-mercaptoethanol 
(Sigma). Survival of the isolated HEV endothelial cells in culture was sensitive to 
the batches of ECGS and serum; in some experiments, 1.5% ECGS, 1.5 EGF, 20% 
FCS, 4% newborn calf serum and 4% KnockOut Serum Replacement (Invitrogen) 
were used to increase the survival of the cells. In some experiments, LT-BR- 
immunoglobulin fusion protein (5 4g ml’, R&D Systems) or control human Fe- 
immunoglobulin (5 jg ml ', Chemicon) was added to the co-cultures every 2 days. 
qPCR. Total RNA was isolated from DCs, HEV endothelial cells and non-HEV 
endothelial cells with an Absolutely RNA Nanoprep kit (Stratagene), and qPCR 
was performed as described previously*®. The housekeeping gene Ywhaz and the 
endothelial cell gene Cd31 were used as control genes for normalization. The 
primer sequences were as follows: Ywhaz, 5'-ACTTTTGGTACATTGTGGCTT 
CAA-3' and 5'-CCGCCAGGACAAACCAGTAT-3’; Cd31, 5'-TCCCTGGGAG 
GTCGTCCAT-3’ and 5'-GAACAAGGCAGCGGGGTTTA-3’; VE-cadherin, 
5'-TCCTCTGCATCCTCACTATCACA-3’ and 5’-GTAAGTGACCAACTGCT 
CGTGAAT-3’; Glycam1, 5'-AGAATCAAGAGGCCCAGGAT-3" and 5'-TGG 
GTCTTGTGGTCTCTTCCA-3’; FucT-VI, 5'-CAGATGCACCCTCTAGTACT 
CTGG-3' and 5'-TGCACTGTCCTTCCACAACC-3’; GlcNAc6ST2, 5'-GGCA 
AGCAGAAGGGTTAGG-3' and 5’-CTGGGAACCCAGGAACATC-3’; Ltb, 
5'-ACCTCATAGGCGCTTGGATG-3’ and 5'-ACGCTTCTTCTTGGCTCGC-3’; 
Lta, 5'-CCAGGACAGCCCATCCACT-3’ and 5'-GTACCCAACAAGGTGAGC 
AGC-3’; Light, 5’-CGATCTCACCAGGCCAAC-3' and 5’-TCCACCAATACCT 
ATCAAGCTG-3'; Ccl21, 5'-AAGGCAGTGATGGAGGGG-3’ and 5'-CGGG 
TAAGAACAGGATTG-3'; Cxcl13, 5’-CATAGATCGGATTCAAGTTACG-3' 
and 5’-TCTTGGTCCAGATCACAACTTCA-3’'; Icam1, 5'-GGGAATGTCAC 
CAGGAATGT-3’ and 5’-GCACCAGAATGATTATAGTCCA-3’;  Vcam1, 
5'-GGATCGCTCAAATCGGGTGA-3’ and 5'-GGTGACTCGCAGCCCGTA-3’; 
and Gapdh, 5'-CCACCCCAGCAAGGACACT-3’ and 5'-GAAATTGTGAGGG 
AGATGCTCA-3’. 

Statistical analysis. Statistical analysis was performed using the Mann-Whitney 
test (for lymph node cellularity and velocity histograms) or an unpaired Student’s 
t-test (for homing assays, and rolling and sticking fractions). For BMDC adoptive 
transfer, PBS and DTX groups were compared with a Mann-Whitney test, and 
DTX and DTX+BMDC groups were compared with a paired Student’s t-test. 
Differences were considered statistically significant when P < 0.05. 


31. Korner, H. et al. Distinct roles for lymphotoxin-« and tumor necrosis factor in 
organogenesis and spatial organization of lymphoid tissue. Eur. J. Immunol. 27, 
2600-2609 (1997). 
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Senescence surveillance of pre-malignant 
hepatocytes limits liver cancer development 


Tae-Won Kang'*, Tetyana Yevsa!**, Norman Woller”, Lisa Hoenicke!, Torsten Wuestefeld'?, Daniel Dauch', Anja Hohmeyer'?, 
Marcus Gereke', Ramona Rudalska’, Anna Potapova', Marcus Iken’, Mihael Vucur’, Siegfried Weiss’, Mathias Heikenwalder”’®, 
Sadaf Khan’, Jesus Gil’, Dunja Bruder’, Michael Manns?, Peter Schirmacher®, Frank Tacke*, Michael Ott?, Tom Luedde’, 


Thomas Longerich®, Stefan Kubicka’ & Lars Zender'* 


Upon the aberrant activation of oncogenes, normal cells can enter 
the cellular senescence program, a state of stable cell-cycle arrest, 
which represents an important barrier against tumour develop- 
ment in vivo'. Senescent cells communicate with their environ- 
ment by secreting various cytokines and growth factors, and it 
was reported that this ‘secretory phenotype’ can have pro- as well 
as anti-tumorigenic effects”. Here we show that oncogene-induced 
senescence occurs in otherwise normal murine hepatocytes in vivo. 
Pre-malignant senescent hepatocytes secrete chemo- and cytokines 
and are subject to immune-mediated clearance (designated as 
‘senescence surveillance’), which depends on an intact cp4t 
T-cell-mediated adaptive immune response. Impaired immune 
surveillance of pre-malignant senescent hepatocytes results in the 
development of murine hepatocellular carcinomas (HCCs), thus 
showing that senescence surveillance is important for tumour sup- 
pression in vivo. In accordance with these observations, ras-specific 
Th1 lymphocytes could be detected in mice, in which oncogene- 
induced senescence had been triggered by hepatic expression of 
Nras@’?", We also found that CD4* T cells require monocytes/ 
macrophages to execute the clearance of senescent hepatocytes. 
Our study indicates that senescence surveillance represents an 
important extrinsic component of the senescence anti-tumour 
barrier, and illustrates how the cellular senescence program is 
involved in tumour immune surveillance by mounting specific 
immune responses against antigens expressed in pre-malignant 
senescent cells. 

To investigate whether oncogene-induced senescence occurs in 
the mouse liver, we used hydrodynamic injection® to stably deliver 
transposable elements’ expressing oncogenic Nras (Nras“'7’) into 
hepatocytes. Transposable elements encoding an effector loop mutant 
(Nras°'*“/?84), incapable of signalling to downstream pathways’, 
served as a control (Supplementary Fig. 1). Although Nras immuno- 
stainings revealed efficient transposon delivery in both groups (Fig. 1 
and Supplementary Fig. 2), activated MAPK signalling (p-ERK 
immunostaining) could only be detected in animals transduced with 
Nras@’" (Fig, 1). ERK phosphorylation was accompanied by a cellular 
senescence response as shown by stainings for p21, p16 and SA-B-gal 
(Fig. 1), and quantification of Nras-positive and p21- and p16-positive 
senescent cells revealed equal numbers, indicating that every Nras@!?¥- 
expressing hepatocyte had entered the senescence program (Sup- 
plementary Fig. 3). 

Microscopic examination of mouse livers harbouring pre-malignant 
senescent hepatocytes showed an inflammatory reaction with large 
clusters of immune cells surrounding morphologically altered, 
senescent hepatocytes (Fig. 2a). Similar findings were made when 


senescence was triggered by Cre-recombinase-mediated intrahepatic 
activation of an endogenous oncogenic Kras allele (Kras@!??)° (Sup- 
plementary Fig. 4). 

To address whether the observed immune cell infiltration in 
oncogene-induced senescence mouse livers could be due to secreted 
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cytokines, lysates from Nras@’?"- or Nras@!?“/?**4 transduced livers 
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Figure 1 | Intrahepatic expression of oncogenic Nras induces cellular 
senescence. Stainings for Nras, p-Erk, p21, p16 and SA-B-Gal (400) were 
performed on liver sections or resected liver lobes (SA-B-gal wholemount staining) 
12 days after delivery of transposon constructs (see also Supplementary Fig. 1). 
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Nras@12V/D38A Figure 2 | Pre-malignant senescent hepatocytes 


Nras@12v 


are cleared by liver-infiltrating immune cells. 

a, Immune cell clusters were found in close 
proximity to pre-malignant senescent hepatocytes 
as shown by hematoxylin and eosin, Nras, p-Erk 
and p21 stainings (x 400). Arrows, senescent 
hepatocytes; arrowheads, infiltrating immune cells. 


1.86 


b, c, Oncogene-induced senescence in mouse 


hepatocytes leads to an increased expression of 


cyto-/chemokines as measured by cytokine arrays 
on whole liver lysates (b) or purified hepatocytes 
(c). OD, optical density. **P < 0.0048 and 

*P < 0.0107, each Nras@??Y compared with 
Nras*?¥/?°84. dh, Immunophenotyping and 
quantification of liver-infiltrating immune cells by 


104 


10° 


flow cytometry: neutrophils/monocytes (d), NK 


cells (e), macrophages (f), dendritic cells (g) and 
CD4* and CD8* lymphocytes (h) (representative 
data from three independent experiments). 

i, Quantification of Nras-positive cells (X200) on 
liver sections collected from mice transduced with 
Nras@?" or Nras@!?“/*4 at the indicated time 
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or purified hepatocytes thereof were analysed by cytokine arrays, 
which revealed that several cytokines were directly secreted by 
senescent hepatocytes (CTACK, interleukin-1o (IL-1la), leptin R, 
leptin, MCP1 and RANTES), whereas others seemed to be secreted 
by liver-infiltrating immune cells (CRG-2, interferon-y (IFN-y), IL-2, 
TECK) (Fig. 2b, c). 

Using flow cytometry analyses on liver single-cell suspensions, we 
found that the inflammatory reaction in senescent mouse livers was 
composed of neutrophils (CD11b*/Gr-1"*), monocytes (CD11b*/ 
Gr-1'"") (Fig. 2d), natural killer (NK) cells (NK1.1°/CD11b*) 
(Fig. 2e), macrophages (CD11b"8"/F4/80*) (Fig. 2f) and CD11c* 
dendritic cells (Fig. 2g). Furthermore, an increased influx of CD8* 
as well as CD4" T cells was detected (Fig. 2h). An increased number of 
CD4* T lymphocytes and dendritic cells could also be detected in 
portal lymph nodes of mice injected with Nras®’’” (Supplementary 
Fig. 5a, b). Immunohistochemical analyses confirmed that neutrophils, 
lymphocytes and monocytes/macrophages were found in immune cell 
clusters encircling hepatocytes expressing Nras@'?” (Supplementary 
Fig. 6). 
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points. Values represent mean = s.d. (n = 4). 


We next sought to investigate whether liver-infiltrating immune 
cells mediate the clearance of senescent hepatocytes. Although 6 days 
after in vivo delivery of Nras°’?" or Nras@'?“/?*4 similar numbers of 
Nras-expressing cells were found in both groups, time-course analysis 
revealed a rapid loss of Nras-positive cells in Nras@’?’-transduced 
livers, with only 6 + 1.4% of Nras-positive cells remaining at day 12 
and no detectable Nras-positive cells after 60 days, whereas no such 
change was observed in Nras@??"/"84_transduced livers (Fig. 2i). 
Examination of livers by TdT-mediated dUTP nick end labelling 
(TUNEL) staining did not reveal significant differences, thus excluding 
the possibility that an increased cell death in Nras@’?’-transduced 
livers accounts for the decrease in Nras-positive cells (Supplemen- 
tary Fig. 7). 

To delineate which immune cells are mediating the clearance of 
senescent hepatocytes, we took advantage of syngeneic mice harbour- 
ing genetically defined immune defects: C.B-17 wild-type (WT) mice 
with an intact immunity, C.B-17 SCID mice harbouring an impaired 
adaptive immune response and C.B-17 SCID/beige mice, which 
furthermore exhibit defects in NK-cell and macrophage function 
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and generally in phagocytosis (Fig. 3a). Transposable elements encod- 
ing Nras°'?" or Nras©'?”/"°84 were intrahepatically delivered into 
these mice, and numbers of Nras-positive and senescent (p16- and 
p21-positive) hepatocytes were determined. As expected, C.B-17 WT 
mice showed an accented reduction of Nras-positive and senescent 
cells over time, with a complete loss of Nras-positive cells after 60 days 
(Fig. 3b-e). In strong contrast, no significant reduction in the number 
of Nras-positive cells was found in C.B-17 SCID mice after intrahepatic 
Nras@'" delivery (Fig. 3b-e), thus suggesting that a defective adaptive 
immunity abrogates immune surveillance of pre-malignant senescent 
hepatocytes. Interestingly, significantly less p21- and p16 positive than 
Nras-positive hepatocytes could be detected at day 30 and 60 in C.B-17 
SCID mice, suggesting that some Nras expressing hepatocytes at this 
time point have escaped the senescence program (Fig. 3b-e and 
Supplementary Fig. 8). 

To explore the long-term consequences of defective senescence 
surveillance, we followed up C.B-17, C.B-17 SCID and C.B-17 
SCID/beige mice after stable in vivo delivery of oncogenic Nras°!?” 
or Nras@’?¥/?°84, We found dysplastic nodules, a bona fide precursor 
lesion for the development of HCC, as early as after 3 months 
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Figure 3 | Impaired senescence surveillance results in liver cancer 
development. a, Experimental setup and description of immune status of C.B- 
17 WT, C.B-17 SCID and C.B-17 SCID/beige mice. b-e, Quantification of 
Nras- (b), p21- (c), p-Erk- (d) and p16-positive cells (e) on liver sections from 
indicated mice after stable intrahepatic delivery of Nras°’?. Values represent 
mean + s.d. (n = 4). f, Impaired immune surveillance of pre-malignant 
senescent hepatocytes results in the development of HCC in C.B-17 SCID and 
C.B-17 SCID/beige mice that had been transduced with Nras@!?”. Shown are 
representative photographs of explanted livers (n = 10). Arrows, intrahepatic 
tumour nodules. Values represent mean + s.d. of macroscopically detectable 
tumour nodules bigger than 3 mm in diameter. 
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(Supplementary Fig. 9a), followed by HCCs as early as 4 months, after 
intrahepatic delivery of oncogenic Nras in C.B-17 SCID and C.B-17 
SCID/beige mice (Supplementary Fig. 9b and data not shown). 
Although after 7 months there was still no tumour growth in the 
control group (Nras??”*4_transduced mice) (Supplementary Fig. 10) 
and in Nras“!*’-expressing immunocompetent C.B-17 mice (Fig. 3f), 
severe intrahepatic tumour growth could be observed in Nras®!7¥- 
transduced C.B-17 SCID as well as C.B-17 SCID/beige mice (Fig. 3f 
and Supplementary Fig. 11), suggesting that an impaired immune 
surveillance of pre-malignant senescent hepatocytes results in HCC 
development. 

The SCID immune defect comprises defects in T lymphocyte, 
B lymphocyte and NKT cell function’. To address the role of these 
cell types in senescence surveillance, we next analysed senescence 
surveillance in Cd1d7/~ (lacking NKT cells), CD8~/~ and CD47’ 
mice as well as in immunocompetent mice where CD4* and CD8* T 
cells had been depleted by antibodies. While Cdid-‘~ and CD8‘~ 
mice and those with antibody-mediated depletion of CD8* T cells 
displayed normal or nearly normal senescence surveillance (Sup- 
plementary Fig. 12 and Fig. 4a), a completely blunted senescence 
surveillance was observed in CD4~‘~ mice and mice of different 
H-2 haplotypes, in which CD4* T lymphocytes had been depleted 
by antibodies (Fig. 4a and Supplementary Fig. 13). CD4* T-cell- 
dependent surveillance of pre-malignant senescent hepatocytes was 
also found in a mouse model, wherein liver-specific activation of 
oncogenic ras was accomplished by a tamoxifen-inducible cre- 
recombinase’”” (Supplementary Fig. 14). 

In line with these results, we observed that stable delivery of 
oncogenic Nras®'7" resulted in massive intrahepatic tumour growth 
in CD4~‘~ mice (Fig. 4b and Supplementary Fig. 15), whereas all 
arising tumours were found to harbour the Nras“’*” encoding trans- 
poson (Supplementary Fig. 16a, b). Western blotting of tumour protein 
lysates against p194" suggested reduced p19" expression as a potential 
mechanism that had allowed Nras@!’Y-expressing hepatocytes to 
escape from the senescence arrest (Supplementary Fig. 17). 

IFN-y enzyme-linked immunospot (ELISPOT) assays with mutant 
Nras-specific 15-mer peptides revealed antigen-specific T cells in mice 
harbouring senescent hepatocytes (Nras@'*”) but not in mice expres- 
sing Nras’!7¥/0?84 (Fig. 4c and Supplementary Fig. 18). To probe 
whether the induction of a mutant ras-specific immune response is 
indeed dependent on execution of the senescence program, we 
repeated our experiments in eo mice, in which the senescence 
program is genetically disabled'*. Intrahepatic delivery of Nras!’Y 
into pl9“""'~ mice did not trigger ras-specific IFN-y production 
(Fig. 4c, d); rather, it resulted in the rapid onset of invasive HCC, which 
was independent of the CD4* T-cell status (Supplementary Fig. 19a, 
b). Antigen-specific CD4~* T-cell responses were confirmed in mice 
that had been transduced with transposons co-expressing Nras°’?” 
and haemagglutinin (HA), as ELISPOT assays with splenocytes of 
these mice indicated a strong, CD4 T-cell-specific immune response 
against HA (Supplementary Fig. 20a). No significant IL-4 and IL-17 
responses could be measured in these experiments, thus suggesting 
that the observed response represents a Thl-polarized CD4" T-cell 
response (Supplementary Fig. 20a-c). 

We next sought to explore whether senescence surveillance also 
occurs in inflammation-based HCC mouse models. For this, we ana- 
lysed CD4* T-cell-dependent senescence surveillance and tumour 
development in mice with liver-specific ablation of MAP3-kinase 
transforming growth factor (TGF)-B-activated kinase 1 (Tak1)™. 
Antibody-mediated depletion of CD4* T cells resulted in a strong 
accumulation of senescent hepatocytes in Takl~/~ mice, which cor- 
related with increased liver tumour development already at 3 months 
of age (Supplementary Fig. 2la-c). Furthermore, we quantified 
senescent hepatocytes in livers of Rag] ‘~ or syngeneic WT mice, 
which had been subjected to the diethylnitrosamine (DEN) liver 
carcinogen". Interestingly, Rag] ‘~ mice showed an accumulation 
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of senescent hepatocytes 24 weeks after DEN administration (Sup- 
plementary Fig. 22a, b), which was associated with an accelerated 
and increased tumorigenesis at later time points (data not shown, 
and F. Tacke and C. Schneider, unpublished observations). As the 
Ragl ‘~ gene defect comprises both CD4 and CD8 deficiency, further 
work is needed to delineate the role of CD4* and CD8* T cells in this 
model. 

It has been described that hepatocytes can directly present antigens 
through major histocompatibility complex class IT (MHCII); however, 
the significance of this process is still under debate. We studied 
antigen-specific CD4* T-cell activation in mice with liver- or bone- 
marrow-specific MHCII deficiency and found that CD4* T-cell 
activation depends on the presence of professional antigen presenting 
cells (APCs) (Supplementary Fig. 23 and supplementary data descrip- 
tion). These findings were corroborated by in vitro co-incubation 
assays of senescent, Nras®'””-HA-expressing hepatocytes with TCR- 
HA CD4* T cells, confirming that proliferation was dependent on 
the presence of MHCII-matched APCs and cytokine secretion from 
senescent hepatocytes and immune cells (Supplementary Fig. 24a, b). 
Furthermore, functional in vivo experiments revealed a crucial role for 
M1 cytokines, in particular IL-1, in senescence surveillance (Sup- 
plementary Fig. 25), whereas cytokine secretion seems to be p38 
MAPK dependent (Supplementary Fig. 26a, b). 
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Figure 4 | Immune surveillance of pre-malignant senescent hepatocytes is 
orchestrated by antigen-specific CD4* T cells. a, Quantification of Nras- 
positive cells on liver sections from WT (C57BL/6), CD47'~, CD8~/~ mice or 
CD4- or CD8-depleted WT mice 12 days after intrahepatic delivery of Nras@!7” 
or Nras@1?"/?384 (ny = 5). Values represent mean + s.d. ***P < 0.0004 
(Nras°/?", C57BL/6 compared with CD4 ‘/~), ***P < 0.0001 (Nras@/?", 
C57BL/6 compared with CD4 depleted). b, Impaired senescence surveillance 
results in the development of HCCs in CD4 ‘~ mice 7 months after 
intrahepatic delivery of Nras®!?” (n = 10). Values represent mean = s.d. of 
macroscopically detectable tumour nodules bigger than 3 mm in diameter 
(TNTC, too numerous to count). c, TEN: i ELISPOT assay performed on 
splenocytes isolated from WT or pl9**'~ mice 20 days after intrahepatic 
delivery of Nras@!7" or Nras@!?/"?84, Results are represented as spot-forming 
units (SFU) per well + s.e.m. (1 = 8; **P < 0.0026 (Nras@!?",_16, C57BL/6/ 
Nras@!?Y compared with pl" ~/Nras@!?’), **P < 0.0065 (Nras@?”5 46, 
C57BL/6/ Nras@!?Y compared with C57BL/6 Nras@7¥/?°*4)). 

d, Representation of the pathway: induction of an antigen-specific immune 
response is dependent on the execution of the senescence program. 

e, Quantification of Nras-positive cells 12 days after intrahepatic delivery of 
Nras®!?” or Nras@!?¥/"3*4 on liver sections from C57BL/6 WT, MHCII /~ 
mice and chimaeras as described in Supplementary Fig. 23a—-d (n = 5; 

***P < 0.0003). f, Quantification of Nras-positive cells on liver sections from 
C.B-17 SCID mice, C.B-17 SCID mice adoptively transferred with syngeneic 
CD4* T cells, and C.B-17 SCID/beige mice adoptively transferred with 
syngeneic CD4* T cells (CD4”, naive; CD4™, memory) 12 days after 
intrahepatic delivery of Nras??’ or Nras@?¥/?384 (n= 5; ***P < 0.0002). 

g, Quantification of Nras-positive cells on liver sections from untreated, NK 
cell-depleted, Ly-6G-depleted (clone 1A8), GdCl3-depleted and Ly-6G/Ly-6C 
(clone RB6-8C5)-depleted C57BL/6 mice 12 days after intrahepatic delivery of 
Nras@?" or Nras@?”/"3*4 (y = 5). Values represent mean + s.d. 

(**P < 0.0054). h, Confocal microscopy on lys-EGFP transgenic mouse livers 
(EGFP* monocytes/macrophages and neutrophils). Senescent hepatocytes 
stain orange (co-expression of oncogenic Nras@'*Y with TagRFP). Green 
arrows, EGFP-positive monocytes/macrophages and neutrophils; pink arrows, 
APC-labelled lymphocytes (600). 


Interestingly, we could detect upregulation of MHCII on a sub- 
fraction of senescent hepatocytes and concomitant upregulation of 
co-stimulatory CD86 on some cells (Supplementary Fig. 24c). It is 
noteworthy that, although not sufficient to induce proliferation of 
naive CD4* T cells, hepatic MHCII expression appears to be necessary 
to allow a directed killing of pre-malignant senescent hepatocytes as 
senescence surveillance was significantly impaired in mice with liver- 
specific MHCII deficiency (Fig. 4e). 

Finally, we addressed whether senescent hepatocytes are directly 
killed by cytotoxic CD4* T cells!® or whether CD4” T cells require 
innate immune cells to execute the killing. We found that adoptive 
transfer of syngeneic CD4* T cells into Nras@!’’-injected C.B-17 
SCID mice restored senescence surveillance (Fig. 4f) and suppressed 
tumour development in these mice (Supplementary Fig. 27). However, 
even the adoptive transfer of ‘memory’ CD4* T cells (obtained from 
immunocompetent C.B-17 mice with hepatic Nras°'?’ expression) 
did not restore senescence surveillance in C.B-17 SCID/beige mice 
(Fig. 4f), suggesting that CD4* T cells act in a T-helper cell manner 
and require innate immune cells to kill pre-malignant senescent cells. 
In accordance with these results, we found that gadolinium treatment 
of mice, which depletes macrophages and affects monocytes’’, 
dramatically reduced senescence surveillance (Fig. 4g). In contrast, 
selective depletion of neutrophils (Ly-6G antibody) only marginally 
affected senescence surveillance, and antibody-mediated depletion of 
NK cells showed no effect at all (Fig. 4g). To distinguish whether 
Kupffer cells as resident liver macrophages execute the killing for 
CD4* T cells or whether freshly infiltrated monocytes and replenished 
macrophages thereof are needed, we took advantage of the RB6-8C5 
(Ly-6G/Ly-6C) antibody, which depletes neutrophils and monocytes, 
but does not affect tissue-resident macrophages'*. Interestingly, 
monocyte depletion by RB6-8C5 completely abrogated senescence 
surveillance (Fig. 4g), thus pinpointing monocytes and probably 
freshly replenished macrophages thereof as effector cells. The inter- 
action between CD4* T cells and monocytes/macrophages was 
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confirmed by confocal microscopy on Lys-enhanced green fluorescent 
protein (EGFP) transgenic mouse livers, where Lys-EGFP-positive 
cells (EGFP* macrophages, monocytes and neutrophils) and APC- 
labelled lymphocytes were found in close proximity to senescent 
Nras@!*’/TaqRFP-co-expressing hepatocytes (Fig. 4h). 

Finally, to explore whether senescence surveillance occurs in human 
livers, we quantified senescent cells in patients infected with hepatitis C 
virus (HCV) with or without concomitant human immunodeficiency 
virus (HIV) infection (impaired CD4* T-cell function) and found that 
senescent (p16-positive) cells significantly accumulated in livers of 
patients with HIV (Supplementary Fig. 28a, b). Furthermore, we ana- 
lysed a unique cohort of patients who underwent two subsequent liver 
transplantations due to HCV-induced liver cirrhosis with a comparable 
grade of liver damage. We quantified senescent cells in the patients’ own 
explant livers (no immunosuppressive therapy, ‘HCV-Tx’) and in the 
explanted transplant liver after the development of re-cirrhosis (patient 
has been under immunosuppressive therapy, ‘HCV-Re-Tx’) and found 
that senescent hepatocytes significantly accumulate in livers under 
immunosuppressive therapy (Supplementary Fig. 28a, b), thus provid- 
ing the first evidence for immune surveillance of senescent hepatocytes 
in human livers and one possible explanation for the increased rates of 
hepatocellular carcinoma found in HIV-infected patients or those 
under immunosuppressive therapy (reviewed in ref. 19). 

Taken together, our results establish senescence surveillance as an 
important extrinsic component of the senescence anti-tumour barrier. 
Our data suggest that pre-malignant hepatocytes can escape the 
senescence arrest and contribute to development of liver cancer, thus 
emphasizing the importance of senescence surveillance. Our results on 
senescence escape of pre-malignant hepatocytes are in line with pub- 
lished reports demonstrating that senescence escape can occur in 
vitro”, although it is formally possible that escaping cells initiate the 
senescence program (and thus display senescence markers) but never 
achieve the final state. Furthermore, it will be important to characterize 
whether factors secreted from pre-malignant senescent hepatocytes also 
contribute to the oncogenic transformation of neighbouring cells. 

Recent work has shown that innate immune cells alone are sufficient 
to mediate the clearance of ras-driven liver carcinomas, wherein 
senescence was triggered by reactivation of endogenous p53’. In con- 
trast, here we show that senescence surveillance of pre-malignant 
hepatocytes is orchestrated by antigen-specific CD4™ T cells. 

We anticipate that strategies specifically harnessing the identified 
mechanism of senescence surveillance hold great promise for improv- 
ing cancer prevention and therapy. Furthermore, use of the senescence 
program to trigger or enhance antigen-specific immune responses will 
very probably find broad applications to improve vaccination strategies. 


METHODS SUMMARY 


For transposon-mediated intrahepatic gene transfer mice received a 5:1 molar ratio 
of transposon- to transposase encoding vector (30 1g total DNA). DNA was sus- 
pended in saline solution at a final volume of 10% of the animals’ body weight and 
administered by hydrodynamic tail vein injection. Immunohistochemical analyses 
were performed on paraffin-embedded liver sections (citrate buffer antigen 
retrieval) using the indicated antibodies with standard protocols. 
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